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ABSTRACT OF DISSERTATION
Application Of Mass Spectrometry For Characterization Of Plant-Based Phenolics And
Alkaloids
Plant-derived compounds have the potential to produce value-added compounds
with a variety of applications. For example, the lignin part of the lignocellulosic biomass,
produced in large quantities as waste from the paper and pulp industries, is a rich source
of phenolics with potential applications in the renewable energy sector, pharmaceutical,
and chemical industries. On the other hand, plant alkaloids are the primary source for
developing plant-derived therapeutics. Unfortunately, the recalcitrant nature of plant cell
walls, low extraction yields of small secondary metabolites, and the lack of effective
analytical methods for a rapid and accurate identification of plant-based compounds and
plant’s degradation products are the major limitations in plant-based valorization efforts.
In order to address some of these challenges, this dissertation focuses on utilizing
different mass spectrometry-based techniques such as UHPLC-MS, GC-MS, and direct
infusion high-resolution accurate orbitrap and ion trap mass spectrometry for the
detection and structure elucidation of plant-based phenolics and alkaloids in order to
contribute to ongoing efforts toward valorization of plant-based compounds. Mass
spectrometry-based techniques are widely used in pharmaceutical and chemical
industries, and have been emerged as one of the most promising analytical techniques for
the analysis of plant-based compounds.
The main aim of this dissertation is to develop effective mass spectrometry-based
techniques to characterize plant-based phenolics and alkaloids. In order to do so, in the
second chapter of this dissertation, a mass spectrometric method based on lithium
cationization was developed to sequence lignin model oligomers with mixed bonding
motifs, with a potential application in facilitating the structure elucidation of lignin
degradation end products with β-β and β-O-4 linkages. In the third chapter, using
UHPLC-MS, an important lignan, syringaresinol, was characterized in bourbon whiskey.
The origin of syringaresinol was investigated using a model aging experiment to further
our understanding of bourbon’s chemical composition. In chapter four, the development
of a mild ethanosolv treatment combined with a GC-MS method enabled the detection of
several different phenolic compounds in lignocellulosic biomass, which can be
potentially used to rapidly compare different biomass samples for the valorization
applications. Lastly, in chapter five, synthetic methods in combination with extensive
mass spectrometry-based analysis were used to semi-synthesize new plant-based
alkaloids with potential applications in drug discovery and development.
Overall, these studies confirm that mass spectrometry-based techniques provide a
sensitive and robust analytical platform for the analysis of plant-based products.
KEYWORDS: Mass Spectrometry, Lignocellulosic biomass, Lignin, secondary
Metabolites, Phenolics, Alkaloids
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CHAPTER 1. Introduction

1.1 Lignocellulosic Biomass
Lignocellulosic biomass is plant dry matter that is not used as food. It mainly
consists of cellulose (35-50%), hemicellulose (20-35%), lignin (5-30%), and small
amounts of extractives (1-10%).1 Figure 1.1 shows a simplified structure of
lignocellulosic biomass in which hemicellulose is covalently bound to lignin and
cellulose, while lignin with its rigid structure surrounds cellulose and hemicellulose,
serving as a protecting layer. The combination of these three layers makes lignocellulosic
biomass a complex and recalcitrant structure and hard to degrade.
Annually, around 200 billion metric tons of lignocellulosic biomass are produced
worldwide as forestry waste, energy crops, agricultural residue, etc.2-3 Due to the
depletion of fossil fuels and the greenhouse gas emission associated with using fossil
fuels’ combustion; fossil fuels are predicted to be replaced by lignocellulose-based fuels
as an abundant and renewable source of energy in the near future.3-5 In addition to its
great potential as biofuel, lignocellulose is a highly promising feedstock for the
production of value-added compounds without harming food security.2
Cellulose, the most abundant biopolymer on Earth, is a linear polymer consisting
of D-glucose units attached to each other via 1,4-glycosidic linkages. The long polymer
chains of cellulose are placed side by side via strong hydrogen bonds. The highly
crystalline structure of cellulose makes it difficult to hydrolyze cellulose into its
monomers.
On the other hand, hemicellulose has a random, non-crystalline and
heterogeneous structure that can be readily hydrolyzed by dilute acids and bases.6

1

Examples of monomers that constitute hemicellulose are arabinose, mannose, galactose,
glucose, and xylose.7
Lignin is the second most abundant biopolymer after cellulose and has a
heterogenous, phenolic, and highly cross-linked structure making the polymer highly
stable against thermal degradation. The main monomer units in lignin include pcoumaryl, coniferyl, and sinapyl alcohols, all of which belong to 4-hydroxycinnamyl
alcohols.

2

Figure 1.1 Simplified structure of lignocellulosic biomass

3

Most of the lignocellulosic biomass pretreatment techniques have focused on
fractionation of biomass in order to release cellulose and increase its availability for
enzymatic digestion to convert cellulose into sugar and subsequently bio-ethanol.8 On the
other hand, “lignin first” strategy which is a relatively new approach, focuses on the
treatment techniques to isolate and deconstruct lignin in order to produce value-added
phenolic compounds for different pharmaceutical and industrial applications (lignin
valorization).9-10
The main limitation in the valorization of biomass in general and lignin in
particular, is developing effective deconstruction approaches to extract and decompose
biomass components. Overcoming this limitation is one of the critical factors toward the
valorization of biomass into biofuels and phenolic compounds.
It should be mentioned that the composition of cellulose, hemicellulose, and
lignin in lignocellulose varies and highly depends on plant species, plant parts, growth
conditions, etc.11-12
1.1.1 Lignin
Lignin is the most abundant aromatic biopolymer and consists of different
phenylpropane monomers. Lignin has an irregular and highly cross-linked structure and
is one of the main constituents of plant cell walls, along with cellulose and hemicellulose.
The role of lignin in the plant cell wall is to provide mechanical support and resistance to
environmental stresses.
Figure 1.2 demonstrates a simplified structure of lignin polymer. Lignin in plants
is the result of radical oxidative coupling of three monolignols: p-coumaryl alcohol (H

4

monomer), coniferyl alcohol (G monomer), and sinapyl alcohol (S monomer). These
monolignols which are three primary monomers of lignin are shown in Figure1.3.
The chemical structure of these three monomers is only different with regard to
the number of methoxy groups. The five most common linkages between lignin
monomers include β-O-4, β-β, β-5, 5-5, and 5-O-4 bonding motifs, with β-O-4 linkage
being the most abundant bond type. These five main linkages are depicted in Figure 1.4.
The composition of lignin and its amount varies in different plants.13 Table 1.1
depicts the distribution of common linkages and monomers in hardwood, softwood, and
herbaceous lignin, respectively. Due to the complex structure of lignin, there are many
challenges in characterization and quantification of chemical structures and bond types in
lignin. Nevertheless, several degradation and physio-chemical characterization
techniques such as oxidation, ozonation, photochemical degradation, FT-IR spectroscopy,
NMR, mass spectrometry-based techniques, etc., have been developed to study lignin
structure. 13-16 Although all these techniques shed light on the structure and bond types of
lignin, the exact structure of native lignin is still in question.
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Figure 1.2 Simplified structure of lignin representing different monomers and bonding
motifs
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Figure 1.3 The three primary monomers of lignin
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Figure 1.4 Main bond types found in lignin
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Table 1.1 Distribution of common linkages and monomers in hardwood, softwood, and
herbaceous lignin17
Linkage type

Hardwood (%)
50–65

Softwood (%)
43–50

Herbaceous (%)
74–84

α-O-4

<1

5–7

n.d.

4-O–5

6-7

4

n.d.

5–5

<1

5–7

n.d.

3-12

2-6

1-7

β–5

3–11

9–12

5–11

β–1

1–7

1–9

n.d.

others

7–8

16

n.d.

Monolignol
H
G
S

Hardwood (%)
0–8
25–50
46–75

Softwood (%)
<5
>95
0

Herbaceous (%)
5–33
33–80
20–54

β-O-4

β–β
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1.2 Plant secondary metabolites
Metabolites are defined as intermediates or end products of metabolism taking place
in living organisms. Metabolites are classified into two categories: primary metabolites
and secondary metabolites.
Primary metabolites or “central metabolites” are directly involved in the growth,
development, and reproduction of living organisms. Examples of such metabolites
include lactic acid, proteins, vitamins, and lipids. On the other hand, secondary
metabolites or “specialized metabolites” are derived from the primary metabolites, vary
in different plant species, and are not directly involved in growth, development, and
reproduction. Instead, they play a role in functions such as defense against environmental
stress and producing pigments.18
Plant secondary metabolites can be classified into four main categories based on their
biosynthetic origins: (1) phenolic and polyphenolic compounds, (2) terpenoids, and (3)
alkaloids (nitrogenous compounds), and (4) sulphur-containing compounds (Figure
1.5).19 Since this dissertation focuses on the phenolic and alkaloid secondary metabolites,
these two groups will be discussed further below.
1.2.1 Alkaloids
Alkaloids are a class of secondary metabolites with at least one nitrogen atom in
their molecular structures. These low molecular weight organic compounds are naturally
produced by a variety of living organisms including animals, plants, fungi and bacteria. It
is believed that plant alkaloids like other plant secondary metabolites are defensive agents
protecting plants from external invaders such as pathogens and insects.20-21 Plant
alkaloids are usually organic bases and have significant therapeutic properties. Since
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ancient times, plant extracts containing alkaloids have been used as medicines to treat
different health issues.22 Isolated alkaloids and their synthetic derivates are still widely
used as therapeutic agents, and there is a growing interest in their therapeutic applications
due to the continuous need for pharmaceutical diversification.
Moreover, since plant alkaloids are produced by living organisms evolved over
hundreds of millions of years, they are more likely to be “bio-friendly” and compatible
with human/animals’ bodies as drugs compared to their synthetic counterparts.23 Figure
1.6 shows some of the plant-based alkaloids commercialized as medicines, along with
their corresponding bio-activities.22

1.2.2 phenolic secondary metabolites
Phenolics are the largest group of plant secondary metabolites with about 8000
different phenolic structures have been identified in plants ranging from simple structures
such as phenolic acids to complex polyphenols.24 Flavonoids, stilbenes, tannins and
lignans are examples of phenolic secondary metabolites 25 Phenolic compounds are
considered as one of the most important contributors to the color and flavor of different
wines.24

1.2.2.1 Lignans
Lignans are a group of diphenolic compounds consisting of two phenylpropane
units attached together with β-β bonds and are widely distributed in the plant kingdom
(Figure 1.7). Lignans are mostly found in roots, seeds, fruits, and wooden parts of plants
as free dimers or their glycoside form.26-27 Although the biological function of lignans is
not fully understood, they have shown a wide variety of biological activities including
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antiviral, antibacterial, antifungal and antitumor activities28 suggesting that lignans
probably play a role as plants’ defense agents against diseases and pests. Lignans are
usually optically active dimers and are resulted from oxidative dimerization of two
phenylpropanoid monomers.29-30

Figure 1.5 Classification of plant secondary metabolites
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Figure 1.6 Some of the plant-based alkaloids commercialized as medicines
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Figure 1.7 Chemical structures of secoisolariciresinol31 (left), matairesinol31 (middle),
and syringaresinol (right) as examples of lignans
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1.3 Biosynthesis of lignans and lignin
Lignans and lignins, both are derived from the amino acid phenylalanine. The resulting
phenolic monomers have an aromatic ring and a side chain with three carbons. These
compounds are known as phenylpropanoids. Figure 1.8 depicts a summary of the
biosynthesis of lignans and lignin in plants starting from phenylalanine.25 In the first step,
deamination of L-phenylalanine catalyzed by the enzyme phenylalanine ammonia-lyase
(PAL) occurs to form trans-cinnamic acid. Next, a hydroxyl group is added to the 4position of the aromatic ring in cinnamic acid to produce p- or 4-coumaric acid. Caffeic
acid is formed by the addition of a second hydroxyl group at the 3-position, and a
subsequent O-methylation of this hydroxyl group yields ferulic acid. Two more
enzymatic reactions are required to form sinapic acid which has one methoxy group more
than ferulic acid. In the following steps, through a series of reactions, p-coumaric acid,
ferulic acid and sinapic acid are reduced to their corresponding alcohols: p-coumaryl,
coniferyl, and sinapyl alcohols, respectively, which are called monolignols and are the
main building blocks of lignans and lignin. Dimerization of monolignols leads to the
production of lignans whereas polymerization of monolignol radicals produced by
polyphenol oxidases enzymes leads to the formation of three-dimensional lignin
polymer.25 Figure 1.9 shows all possible resonance structures of a monolignol radical
produced by the enzyme. Because all of these resonance structures can potentially
contribute to the random polymerization of lignin, the resultant lignin polymer has an
irregular and heterogeneous structure.
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Figure 1.8 Simplified proposed biosynthesis pathway for producing lignans and lignin.
Each arrow indicates one enzymatic reaction
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Figure 1.9 Different resonance structures of lignin monomer radicals
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The type of bonding motif formed between two monomers depends on the
resonance structures that are involved in coupling. For instance, the coupling of two
resonance structures with a radical located on the β-carbon on the side chain will form a
β-β linkage (Figure 1.10). On the other hand, coupling between two resonance structures
one of which has a radical on β-carbon on the side chain and the other having a radical on
5-position of the aromatic ring will form a β-5 linkage (Figure 1.4).
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Figure 1.10 Formation of syringaresinol (β-β linkage) as an example of monolignol
dimerization
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1.4 Mass spectrometry
Mass spectrometry is a robust analytical technique for the identification, structural
elucidation, and quantification of compounds based on measuring the mass to charge
ratio (m/z) of ions. The invention of the first mass spectrometer dates back to 1912 by J.J.
Thompson. Since then, mass spectrometry has progressed considerably and become one
of the essential tools in different fields of research and industry, such as drug discovery,
analysis, and sequencing macromolecules, with a high sensitivity, precision, and
specificity.
In a mass spectrometer, molecules are first ionized and then separated based on
their m/z values. A mass spectrum shows these m/z values and their relative abundances
in the sample.

1.4.1 Main components of a mass spectrometer
The main components of a mass spectrometer include an inlet system, an ion
source (electron impact ionization, electrospray ionization, MALDI, etc.), a mass
analyzer (quadrupole, time of flight (TOF), ion trap, orbitrap, etc.) and a detector.
Although significant advancement has been made in the field of mass spectrometry, the
working principle has remained the same.
First, the analytes are ionized in the ionization source and the resultant ions are
subsequently separated in the mass analyzer according to their mass to charge ratios.
Finally, a detector “counts” the ions exiting the mass analyzer, and a mass spectrum is
produced by a data processing system displaying the m/z values and their abundances in
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the sample.32 It should be noted that a vacuum system is also used in mass spectrometers
to allow an uninterrupted traveling of ions through the mass spectrometer.
The selection of an ionization source for a mass spectrometric analysis highly
depends on the sample’s chemical properties and its matrix. The ionization source
converts neutral analytes to charged ones and can be classified into two main categories:
Hard ionization versus soft ionization techniques.
Hard ionization techniques are highly energetic and thus cause extensive
fragmentation of the analyte leading to a weak signal or sometimes even no signal for the
molecular ion. Electron ionization (EI) is an example of hard ionization technique that
was used in combination with gas chromatography to analyze low molecular weight
lignin degradation products in Chapter 4 of this dissertation. Application of the EI
technique is limited to gas-phase molecules and hence is only suitable for volatile and
thermally-stable compounds.32 In the EI approach, the molecules are bombarded by high
energetic electrons leading to the loss of one electron from the molecule and the
formation of the molecular ion (M+e- → M•+ ). The molecular ion has a high internal
energy level and usually fragments leading to the formation of fragment ions and a
subsequent decrease in the intensity of the molecular ion signal.
On the other hand, soft ionization techniques lead to little or no fragmentation of
the molecular ion, which is in the deprotonated/protonated or cation/anion adducted form,
depending on whether the analysis is conducted in positive ion mode or negative ion
mode. The electrospray ionization technique (ESI) is an example of a soft ionization
approach which will be discussed further below:
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1.4.2 Electrospray ionization
Electrospray ionization (ESI) is a soft ionization technique enabling an effective
ionization of molecules with little or no fragmentation. This is highly favored for
analyzing macromolecules such as polymers, peptides, and proteins.33-34 The first ESI
was introduced by John Fenn in 1988, leading to a Nobel prize awarded to him in 2002
for his achievement.35 Since then, numerous advancements have been made in ESI by
different research groups, which has made this technique one of the most powerful and
widely used analytical methods for analyzing a variety of large and small compounds in
research and industry.
Figure 1.11 displays a schematic diagram of an electrospray ionization source. In
ESI, a solution containing the analyte is pumped through a stainless-steel capillary
needle, also known as “spray needle”, held at a higher potential with respect to the inlet
of the mass spectrometer. Once in the capillary needle, the analyte molecules in the
sample solution are ionized due to the applied voltage. The charged droplets comprising
molecular ions are then ejected from the capillary needle in the form of a fine mist.
Depending on the applied voltage, the molecular ions can be either positively charged
(through protonation or cation adduction) or negatively charged (through deprotonation
or anion adduction). The size of the charged droplets subsequently decreases by solvent
evaporation. A flow of nitrogen gas (drying gas) facilitated this process. As the droplets
become smaller due to solvent evaporation, the high charge density causes coulombic
repulsion between like-charged ions leading to an increase in surface tension. At some
point, the increase in surface tension cannot be supported by the droplet anymore, leading
to the shrinkage of the droplet into smaller charged droplets (coulombic explosion).
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These coulombic explosions continue until the analyte ions enter the gas phase. The
charged analyte then enters the mass spectrometer by both the nitrogen stream and the
potential difference.33
The analyte in the gas phase resulting from the ESI process has a low internal
energy as the conversion of the analyte in the solution to the gas phase occurs through
desolvation which is not a high-energy process. As the result, the structure of the analyte
ions in the gas phase generally remains intact, and the analyte does not go through
fragmentation.33
ESI allows the analysis of nonvolatile and thermally unstable samples, and its
combination with chromatographic separation has made this technique very popular for
the analysis of large and small molecules.
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Figure 1.11 Schematic diagram of an electrospray ionization source

24

1.4.3 Mass analyzers
The mass analyzer is considered the heart of a mass spectrometer, and mass
spectrometers are usually classified based on their mass analyzers. As mentioned earlier,
the mass analyzer separates ions based on their mass to charge ratios (m/z). There are
different types of mass analyzers and their proper selection depends on different
parameters such as resolution, detection limit, the analysis speed and mass range. 33
The main mass analyzers used in this dissertation are linear ion trap (used in the
LTQ mass spectrometer) and orbitrap (used in the Q-Exactive mass spectrometer). These
two mass analyzers are among the most widely used mass analyzers for the identification,
structure elucidation and sequencing of different molecules. In addition, a quadrupole
mass analyzer was used in the GC-MS instrument utilized for the analysis of low
molecular weight compounds in Chapter 4 of this dissertation. Hence, these three mass
analyzers will be discussed further below.
1.4.3.1 Quadrupole
A quadrupole mass analyzer includes four parallel metallic rods to which a
combination of DC and RF voltages are applied (Figure 1.12). The two opposite rods
have the same voltage. On the other hand, the perpendicular rods have a voltage with
opposite signs. When the ions enter the quadrupole, at a given RF and DC voltage, only
ions of a particular m/z value have a stable flight trajectory in the electric field and
consequently are able to pass through and reach the detector. Other (undesired) ions hit
the rods or escape from the analyzer without reaching the detector. A mass spectrum is
acquired by varying the RF and DC voltages while keeping their ratio constant.36-38
Quadrupole mass analyzers can be applied as a single mass analyzer or in combination
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with other mass analyzers such as ion trap and orbitrap mass analyzers. In this case, the
primary function of the quadrupole is to isolate a desired m/z range.
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Figure 1.12 Quadrupole mass analyzer
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1.4.3.2 Linear ion trap
A linear ion trap mass analyzer both serves as a trap for ions and as a mass filter
that separates ions based on their mass to charge ratios. The “trapping” property of the
ion trap improves the analyzer’s sensitivity. A linear ion trap consists of four parallel
metal rods (a quadrupole) coupled with electrodes at each end. Stopping potentials are
applied to the end electrodes to axially confine the ions. An AC within a radio frequency
(RF) range is also applied to the quadrupole to constrain ions in space radially. This AC
is called “main RF”.39 Although the main RF constrains ions radially, at the same time, it
applies a force on the ions causing the ions to move. This motion is proportional to both
the amplitude of the applied RF and the mass of the ion. With that said, smaller ions
move more than the larger ions in response to the main RF. In a full scan mode analysis,
the RF applied to the quadrupole rods are increased gradually so much so that the ions
with different m/z values sequentially exit the quadrupole trap with the ions having lower
m/z value first exit the trap followed by the ions with larger m/z values as they require a
higher AC potential to be able to eject from the trap.
In order to conduct tandem mass spectrometry which is isolating an ion of interest
and subjecting it to fragmentation, a second AC is applied to the ion trap, which causes a
process called “ resonance ejection” in which the ion of interest is kept in the trap for
fragmentation and detection while all other undesired ions are ejected from the trap.39-40

1.4.3.3 Orbitrap
An orbitrap analyzer provides a resolution and mass accuracy 100-1000 times
greater than an ion trap offering high-resolution accurate mass (HRAM) analysis of ions
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and one of the most robust mass spectrometers for analyzing different compounds (Figure
1.13).39, 41
In an orbitrap, an electromagnetic field is used to make ions move in a rotational
motion around a central spindle-like electrode as well as oscillate in the axial dimension
between two outer electrodes. The oscillatory motions of each ion produce a frequency
that is proportional to the m/z value of that specific ion and enable mass separation. An
important difference between the ion trap and orbitrap analyzers is that while in an ion
trap an increase in AC is needed to detect different m/z values one by one, in an orbitrap
the oscillatory motion of each m/z population is measured at the same time and these
oscillatory frequencies are then converted to mass spectra using fast Fourier
transforms.39,42

1.4.4 Tandem mass spectrometry
The application of ESI mass spectrometry goes beyond the molecular mass
determination of analytes. The charged analyte produced by ESI can undergo a controlled
fragmentation in the mass spectrometer to provide structural information about the
analyte. The fragment ions resulting from the fragmentation of the precursor ion are then
detected. This process is called tandem mass spectrometry. This is not to be confused
with in-source fragmentation which might occur at the ion source.
In tandem mass spectrometry, the ions with a desired m/z value can be isolated
and subjected to fragmentation. The newly formed ions are called “fragment ions” or
“product ions”.
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In this work, two different tandem mass spectrometric techniques were used:
Orbitrap higher-energy collisional dissociation mass spectrometry (HCD) which belongs
to the Q-Exactive mass spectrometer, and ion trap collision-induced dissociation (CID)
technique using the LTQ mass spectrometer.
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Figure 1.13 Schematic diagram of a Thermo Scientific Q-Exactive orbitrap mass
spectrometer
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In the CID tandem analysis using the LTQ instrument, unlike the full scan
analysis in which ions with different m/z values eject the trap one by one or
“sequentially”, all the ions are simultaneously ejected from the trap except the ion with
the desired m/z value, which remains in the trap for fragmentation. The precursor ion is
then subjected to the tandem experiment in which the kinetic energy of the isolated ion is
increased by an electric field. The precursor ion then collides with helium as the collision
gas. Upon collision with helium, the kinetic energy of the precursor ion is converted into
the internal energy resulting in the fragmentation of the precursor ion into smaller species
(fragment ions, also known as product ions). In CID, the resulting fragment ions do not
generally undergo further fragmentation as the applied potential is specific to the selected
precursor ion.
One interesting aspect of CID tandem analysis is the possibility of conducting
multiple-stage CID fragmentation (MSn) in which a fragment ion can be isolated and
subjected to further fragmentation.
HCD tandem analysis is a type of CID used in the orbitrap Q-Exactive mass
spectrometer. HCD occurs in a trapping cell called HCD cell where a selected precursor
ion is subjected to fragmentation using nitrogen as the collision gas. Unlike CID in ion
traps, fragment ions resulting from the fragmentation of the precursor ion in the HCD cell
generally undergo further fragmentation leading to the observation of “fragments of
fragments” in an HCD tandem mass spectrum.
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1.5 Separation science
High-performance liquid chromatography (HPLC) or gas chromatography (GC)
can be coupled to a mass spectrometer to introduce the sample to the mass spectrometer
for analysis. This is particularly of great importance when dealing with a complex
mixture as the chromatography instrument can separate the analyte from the mixture prior
to mass spectrometric analysis and hence reduce the unwanted signals and matrix effect
facilitating accurate qualitative and quantitative analysis of the analyte.
In this dissertation, different sample introduction techniques were utilized to
deliver the sample to the mass spectrometer depending on the chemical nature of the
analyte of interest, its matrix and the project’s goal. For example, in Chapter 2, direct
infusion of samples to the mass spectrometer using a syringe pump was used to obtain
structural information of pure lignin model compounds. On the other hand, in Chapter 3 ,
UHPLC coupled to a Q-exactive mass spectrometer was used to provide chromatographic
separation before introducing samples to the mass spectrometer, while in Chapter 4, a gas
chromatograph coupled to an EI mass spectrometer was used to separate and analyze the
volatile compounds of mixtures.
A mixture can be separated into its components in chromatography by
partitioning it between the mobile and stationary phase. In gas chromatography, the
mobile phase is a gas, while the mobile phase is a liquid in liquid chromatography.
The main components of an HPLC (high-pressure liquid chromatography) system
include a pump for pumping the mobile phase through the system, an injector, a column,
and a detector which can be a mass spectrometer. Injection of the sample solution into the
column can be done using a syringe or an autosampler. The column separates the sample
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into its components ,and generally is made of stainless steel covered by a stationary
phase.43 The most commonly used HPLC system is reversed-phase chromatography, in
which the stationary phase is non-polar such as a C18 or biphenyl column, and the mobile
phase is relatively polar such as a mixture of water and acetonitrile. Upon the injection of
the sample into the HPLC column, the sample is partitioned between the stationary phase
and the mobile phase and the compounds in the sample can be separated based on their
hydrophobicity.
Gas chromatography (GC) is used for the analysis of volatile samples. In GC, a
chemically inert gas such as helium or nitrogen which is called “carrier gas” serves as the
mobile phase transporting the sample into the column. A solution containing the analyte
is introduced to the instrument through an inlet or injector. The sample is then vaporized
in the injection port, separated in the column, and detected using a detector such as an EI
mass spectrometer.
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CHAPTER 2. Application of lithium cationization tandem mass spectrometry for
structural analysis of lignin model oligomers with β-βʹ and β-O-4ʹ linkages
Parts of this dissertation chapter are taken from: Masoumeh Dorrani & Bert C. Lynn,
“Application of lithium cationization tandem mass spectrometry for structural analysis of lignin
model oligomers with β-β' and β-O-4' linkages”, Anal Bioanal Chem (2022),
https://doi.org/10.1007/s00216-022-04111-6

2.1 Introduction
Lignin is a heterogenous biopolymer and one of the three constituents of
lignocellulosic biomass along with cellulose and hemicellulose. Coniferyl alcohol (G),
sinapyl alcohol (S), and p-coumaryl alcohol (H) are the main monomers that form lignin.
Due to its high aromatic content and great potential as a renewable source of energy,
much effort has been focused on deconstruction of lignin and its potential for conversion
to value-added products.13, 44-48 A central limitation to advancement in lignin research is
the lack of methods for characterization and structural elucidation for this biopolymer and
its degradation products.49 Unlike peptides, the recalcitrant nature of lignin and the
diversity of bonding linkages further complicate lignin sequencing prospects.
Mass spectrometry is a promising tool for the analysis of lignin degradation products
because of inherent sensitivity and structure elucidation by tandem mass spectrometry.5052

Two challenges that must be resolved are (1) the development of fragmentation rules

requiring successful synthesis of new lignin model compounds that can represent native
lignin and (2) the development of new ionization and structure elucidation tools.
Early attempts at elucidating lignin structures by ESI-MS were facilitated by
fragmentation information from synthetic model dimers as anions in negative ion ESI.53
While studying Eucalyptus gobulus lignin, Evtuguin et al. isolated an oligomer fraction
and tentatively assigned the structure of a β-O-4ʹ linked S unit with syringaresinol (S-(β-
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O-4ʹ)-S-(β-βʹ)-S) using fragmentation patterns observed from synthetic dimers.53
Additionally, they tentatively assigned the structure of a tetramer composed of β-O-4ʹ
linked G units with syringaresinol. Unfortunately, they were not able to differentiate
between isobaric structures (G-(β-O-4ʹ)-G-(β-O-4ʹ)-S-(β-βʹ)-S and G-(β-O-4ʹ)-S-(β-βʹ)-S(β-O-4ʹ)-G) in their degraded lignin sample. Since the appearance of multiple
monolignols and multiple bond types significantly increases the complexity of structure
elucidation, the development of advanced lignin model compounds and detailed tandem
mass spectrometry studies have become a priority. Our work successfully addresses one
of these limitations by synthesis of trimer and tetramer lignin model oligomers containing
mixed β-βʹ and β-O-4ʹ bond types and by providing a detailed study of their tandem
fragmentation patterns.
In their seminal work, Morreel et al. used negative ion CID tandem ion trap mass
spectrometry to sequence a variety of lignin oligomer model compounds with different
bonding motifs.51 Their findings showed that in oligomers having both β-βʹ and β-O-4ʹ
bonding linkages, only the β-O-4ʹ bonds fragmented under low energy CID whereas β-βʹ
bonding linkages remained intact. A similar result was obtained upon (-) CID tandem
analysis of oligomers with the same bonding motifs elsewhere.54 Unfortunately, the lack
of fragmentation of β-βʹ bonds could present problems for sequencing of lignin oligomers
with a high number of condensed linkages. The lithium cationization method in the
present study addresses this issue by enabling fragmentation of β-βʹ bonding linkages in
the model oligomers.
Many of these early lignin studies used negative ion mode mass spectrometry for
analysis.50-51, 53, 55-56 Unfortunately, simple deprotonation can lead to charge-driven in-
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source fragmentation resulting in a substantial decrease in deprotonated molecular ion
intensity and an increase in complexity of the full scan spectrum. Our group previously
showed that lithium cationization ESI is an effective method for ionizing synthetic lignin
model dimers and trimers having β-O-4ʹ bonds.52, 57-58 These studies showed that β-O-4ʹ
dimers and trimers form stable adduct cations with lithium, and produce stable lithiated
fragment ions upon tandem analysis providing sequence specific fragment ions. In the
present work, we extend our lithium adduction sequencing method to study the structure
of lignin oligomers having mixed β-βʹ and β-O-4ʹ bonding motifs.
Two lignin oligomer model compounds were synthesized having both β-βʹ and β-O-4ʹ
linkage units. These molecules were constructed using controlled multi-step reactions in
order to synthesize lignin oligomer model compounds representing hardwood which
mainly consists of S and G monolignol with 60-62% β-O-4ʹ bonds and 3-12% β-βʹ
linkages.59 Orbitrap higher-energy collisional dissociation mass spectrometry (HCD) and
ion trap collision-induced dissociation (CID) techniques using lithium adduct
cationization were applied to produce sequence-specific ions. The results were used to
propose fragmentation mechanisms that can be applied to sequence oligomers of this
type. The fragmentation rules developed here will serve as a springboard enhancing
elucidation of even more complex lignin decomposition products. Additionally, in the
present study, CID experiments were used for the first time in order to investigate lithium
cationization sites on lignin model oligomers having mix bonding motifs.
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2.2 Materials and Methods
2.2.1 Chemicals
All reagents were used without further purification. Vanillin, Sinapinic acid,
triisopropylsilyl chloride, imidazole, ethyl bromoacetate, sodium bis(trimethyl silyl)
amide (NaHMDS), ammonium chloride, tetrabutylammonium fluoride (TBAF, 1M in
THF), potassium carbonate, and ferric chloride were purchased from Alfa Aesar (Ward
Hill, MA, USA). Diisobutyl aluminum hydride (DIBAL-H, 1M in methylene chloride)
and acetyl bromide was purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Ethanol, dichloromethane, anhydrous THF, acetone, ethyl acetate, hexane, methanol and
chloroform were obtained from VWR analytical.
Optima grade methanol, acetonitrile and water were obtained from Fisher Scientific (Fair
Lawn, NJ, USA). Lithium chloride was purchased from Alfa Aesar (Ward Hill, MA,
USA).

2.2.2 Synthesis of model trimer and tetramer
2.2.2.1 Synthesis of sinapyl alcohol
Sinapyl alcohol was synthesized based on a method by Quideau et al. with some
modifications.60 In Summary, Sinapinic acid (1mol) dissolved in ethanol and was
converted to ethyl sinapate in the presence of acetyl bromide (1.5 mol). The synthesized
ethyl sinapate (1 mol) was subsequently reduced to sinapyl alcohol using DIBAL-H (3
mol) under nitrogen and at -78 °C in dichloromethane as the solvent.
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2.2.2.2 Synthesis of silyl-protected vanillin
Synthesis of silyl-protected vanillin has been reported previously.61 Briefly,
vanillin (1 mol), 1.5 mol triisopropylsilyl chloride and 4.4 mol imidazole were allowed to
react overnight in dichloromethane as the solvent to yield silyl-protected vanillin which
was subsequently used for synthesis of trimer and tetramer model compounds.

2.2.2.3 Synthesis of syringaresinol (S-(β-βʹ)-S dimer)
Syringaresinol was synthesized based on a method previously reported with
several modifications.62 Sinapyl alcohol (2.38 mmol, 500 mg) was dissolved in 8 mL
methanol and then 77 mL deionized water was added to it. Separately, ferric chloride
(2.26 mmol, 367 mg) was dissolved in 77 mL deionized water and was added dropwise
and very slowly to the stirring sinapyl alcohol solution. Reaction mixture was then
quenched immediately with water (50-100 mL) and then extracted with ethyl acetate.
Syringaresinol obtained from this reaction was purified by column chromatography (ethyl
acetate : n-hexane (8:2)). White needle crystals were obtained after recrystallization from
a mixture of ethanol/ chloroform (9:1) and the X-ray crystallography experiment was
performed by Dr. Sean Parkin at university of Kentucky (Figure 2.1).
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Figure 2.1 Chemical structure (top) and X-ray crystal structure of the synthesized S-(ββʹ)-S dimer (syringaresinol), (bottom)
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2.2.2.4 Syringaresinol esterification (Figure 2.2, Compound I)
The glassware used for all steps was dried in the oven overnight prior to use.
Syringaresinol (1.2 mmol, 500 mg) synthesized in the previous step was dissolved in
5mL acetone in a round-bottom flask under nitrogen atmosphere and potassium carbonate
(3.6 mmol, 498 g) was added to the solution. Separately, ethyl bromoacetate (4.8 mmol,
0.53 mL) was dissolved in 2 mL acetone and then was added dropwise to the reaction
mixture. The reaction mixture was heated to reflux and kept under nitrogen atmosphere.
The reaction progress was monitored by TLC. Upon the completion of the reaction (about
5 hours), the solvent was evaporated and the esterified syringaresinol (Figure 2.2,
Compound I) was used for the next step without further purification.
Q-Exactive (ESI-Orbitrap) m/z : [M+Li]+ calc for [C30H38O12+Li]+ 597.2518; found
597.2493, Error (ppm) = -4.1077.

2.2.2.5 Addition of G monomer unit through Aldol condensation (Figure 2.2, Compound
II)
Esterified syringaresinol (Compound I, 1.05 mmol, 620mg) obtained in the
previous step was directly used for the aldol condensation without further treatment. All
glassware was dried overnight in the oven prior to use. Esterified syringaresinol and silylprotected vanillin (4.2 mmol, 1.3 g) were separately dissolved in about 2 mL anhydrous
THF. NaHMDS (4.2 mmol, 770.4 mg) was dissolved in 10 mL dry THF in a roundbottom flask and then it was placed in a dry ice bath at -78 °C. Under nitrogen
atmosphere, esterified syringaresinol was added dropwise to the NaHMDS solution. The
mixture was stirred for 1 hour at the same temperature. Afterwards, silyl-protected
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vanillin solution was added dropwise to the reaction mixture. The reaction progress was
monitored by TLC. Upon completion of reaction (all esterified syringaresinol is
consumed), the reaction temperature was increased to room temperature and then the
reaction was quenched by addition of saturated NH4Cl (about 20 mL). The reaction
mixture was extracted with ethyl acetate (3 times) and the organic layer was collected.
After solvent evaporation, a yellow residue was obtained which was used for the next
synthetic step without further purification.
Q-Exactive (ESI-Orbitrap) m/z: [M+Li]+ calc. for [C64H94O18Si2 +Li]+ (Compound II)
:1213.6133, found 1213.6128, Error (ppm) = -0.4377

2.2.2.6 Reduction with DIBAL-H (Figure 2.2, Compound III)
All glassware was dried in the oven overnight prior to use. To a precooled
solution of the residue obtained in the previous step (750 mg, 0.62 mmol) in CH2Cl2 (2530 mL) at -78 °C under nitrogen atmosphere, was added dropwise 3.73 mL (3.73 mmol)
DIBAL-H. After 1.5h stirring at the same temperature, the reaction mixture was heated
up to room temperature and was allowed to further progress at room temperature. Upon
completion of the reaction (TLC), a few drops of methanol was added followed
immediately by addition of 10-15 mL of saturated ammonium chloride to quench the
reaction. The reaction mixture was then extracted with ethyl acetate (3 times). After
solvent evaporation, a viscose brown residue was obtained which was used for the next
step without further purification.
Q-Exactive (ESI-Orbitrap) m/z : [M+Li]+ calc for [C60H90O16Si2+ Li]+ (Compound III):
1129.5922, found 1129.5935. Error (ppm) = 1.1606.
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2.2.2.7 Removal of silyl groups (Figure 2.2, Compound IV and V)
To a precooled solution of the residue obtained in the previous step (400 mg, 0.36
mmol) in anhydrous THF (5 mL) and at 0 °C, was added dropwise 1.426 mL of 1M in
THF tetrabutylammonium fluoride (TBAF). After 4 hours, the reaction mixture was
heated to room temperature, diluted with ethyl acetate and followed with addition of 5-10
mL saturated NH4Cl in order to quench the reaction. The reaction mixture was extracted
with ethyl acetate (3 times) and the solvent was evaporated under reduced pressure. Thin
layer chromatography (100% ethyl acetate) was used for isolation of the tetramer model
compound from the reaction mixture (Compound IV). Q-Exactive (ESI-Orbitrap):
[M+Li]+ calc for [C42H50O16 + Li]+ 817.3253: Found 817.3256, Error (ppm) = 0.2702.
Trimer model compound (Compound V) was also isolated from the reaction mixture as
the by-product using TLC. Q-Exactive (ESI-Orbitrap) m/z: [M+Li]+ calc for [C32 H38
O12+ Li]+ : 621.2518, found 621.2523. Error (ppm) = 0.8650.
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Figure 2.2 Synthetic route for the synthesis of G-(β-O-4ʹ)-S-( β-βʹ)-S-(β-O-4ʹ)-G tetramer
and S-(β-βʹ)-S-(β-O-4ʹ)-G trimer model compounds
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2.2.3 Mass spectrometry experiments
All mass spectrometers used in this dissertation were tuned and calibrated on a
regular basis to ensure accuracy of analysis. For analysis of synthesized model
compounds, a stock solution of analyte with a concentration of 1mg mL-1 was made in
optima methanol. A 200 μL aliquot was taken from the stock solution and the solvent was
evaporated under nitrogen stream. Subsequently, 200 μL of mass spectrometry grade
acetonitrile (ACN) and 200 μL aqueous LiCl (10 mM) was added to the analyte to make
a solution of analyte with a final concentration of 0.5 mg mL-1 in ACN/LiCl (1:1). For QExactive orbitrap mass spectrometry studies, a more diluted sample with a final
concentration of 0.2 mg mL-1 was prepared. The infusion solution was then introduced
into the mass spectrometer using a syringe pump at a flow rate of 3 μL min-1.
For accurate mass and higher-energy collisional dissociation (HCD) experiments,
a Thermo Scientific Q-Exactive Orbitrap mass spectrometer equipped with a heated ESI
probe (HESI) with a spray voltage of 3.8 kV was applied. The inlet temperature was set
at 225 °C and a sheath auxiliary gas flow of 2 (arbitrary units) was used for analysis.
Mass spectra were acquired at a mass resolution of 140,000. Desired ions were subjected
to HCD experiments using a normalized collision energy (NCE) of 35%, and nitrogen as
the collision gas.
For LTQ collision-induced dissociation (CID) experiments, a Thermo Scientific
LTQ linear ion trap mass spectrometer equipped with an ESI source with a spray voltage
of 3.80 kV, capillary temperature of 250°C, and sheath gas flow rate of 2 (arbitrary unit)
was applied. Selected ions were subjected to 20-24% NCE using helium as the collision
gas.
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For analyzing and processing data obtained from both mass spectrometers, the Thermo
Scientific Xcalibur software was used. In order to isolate analytes for HCD and CID
experiments, an isolation window of m/z 3 for the Q-Exactive orbitrap and m/z 1 for the
LTQ ion trap were applied.
2.3 Results and discussion
One of the most significant obstacles that limit research in the field of lignin
degradation and characterization is the lack of commercially-available lignin model
compounds, particularly those with structures similar to native lignin. Hence, some
research groups try to synthesize the model compounds in the laboratory, while others
use the simple model compounds for their research, mostly simple dimers which are
currently commercially available. Thus, the successful synthesis of lignin model
compounds, especially those with complex structures, is crucial to further advancements
in lignin degradation research. In this study, two advanced model oligomers were
synthesized, having both β-βʹ and β-O-4ʹ linkages representing hardwood.
In order to synthesize the model oligomers, Sinapinic acid was used as the commerciallyavailable starting material. Sinapinic acid was first converted to ethyl sinapate and then
reduced to sinapyl alcohol, one of the three primary monomers of lignin. Figure 2.3
demonstrates this conversion. This reduction was conducted using DIBAL-H as a
reducing agent. DIBAL-H is a strong and bulky reducing agent that can be used to
effectively reduce α-β unsaturated esters to their corresponding alcohols.
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Figure 2.3 Synthesis of S monolignol
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In the next step, coupling two S monolignols catalyzed by ferric chloride yields
the dimer syringaresinol, which was successfully crystallized to white needles after a
purification step by column chromatography. The X-ray crystal structure showed that the
synthesized syringaresinol has a syn conformation in which both phenyl groups, as well
as the hydrogen atoms at C2 and C5 positions are on the same side (Figure 2.1). In order
to esterify syringaresinol, ethyl bromoacetate was reacted with syringaresinol through a
nucleophilic reaction. In order to increase the nucleophilicity of the phenolic oxygen of
syringaresinol, the reaction was carried out in the presence of a weak base, potassium
carbonate, leading to the esterification of both sides of syringaresinol as there are two
phenolic oxygens in the syringaresinol structure (Figure 2.2, Compound I ).
In the next step, two G monomers were added to the esterified syringaresinol
through an aldol addition reaction (Figure 2.2, Compound II). In an aldol addition
reaction, a carbonyl compound having a hydrogen atom at the α position reacts with a
carbonyl group of a second molecule. A base can catalyze this reaction. The base used for
the addition of G monomers to the esterified syringaresinol was NaHMDS which is a
strong base.
It should be noted that the phenolic OH group in the G monomers (vanillin) used
for the aldol addition needs to be protected prior to the reaction. This is to prevent
undesired reactions occurring during the synthesis of model oligomers as the phenolic
OH group of vanillin can participate in side reactions, and hence, they can be prevented
by protecting the phenolic OH group of vanillin by silyl groups.
In the following synthetic steps, the ester groups on Compound II were again
reduced by DIBAL-H and the silyl protecting groups were removed by TBAF to yield the
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tetramer model compound (Figure 2.2, Compound IV). The trimer model oligomer was
also separated from the reaction mixture as the by-product. Both model oligomers were
subsequently subjected to extensive mass spectrometry analysis using lithium
cationization and detailed below.
Currently, mass spectrometry is one of the main tools applied for sequential study
of complex macromolecules such as lignin.16 In a previous study, our group has shown βO-4ʹ dimers and trimers can be sequenced based on their strong interactions with lithium
cation.52 Here, we will show lignin trimers and tetramers having both β-βʹ and β-O-4ʹ
bonding motifs can also form stable adducts with lithium in the positive ion mode and
can produce stable structurally relevant lithiated fragment ions upon HCD/MS/MS and
multi-stage tandem analysis, using Q-Exactive orbitrap and LTQ linear ion trap mass
spectrometers, respectively. The fragmentation information was further used for
developing a sequencing strategy for lignin oligomers with the same bonding motifs.
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Figure 2.4 Chemical structures of the synthesized lignin model trimer and tetramer
analyzed in this study.
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2.3.1 Fragmentation of S-(β-βʹ)-S-(β-O-4ʹ)-G trimer based on its positive ion HCD
tandem mass spectrum

The synthesized model trimer (Figure 2.4) consists of three lignin monomers, two S
monomer units attached via a β-βʹ linkage following by a G monomer unit attached by a
β -O-4ʹ bond. The full scan mass spectrum acquired on a Q-Exactive (+) ESI, showed that
this trimer forms stable and abundant lithium adduct ions (m/z 621, Figure 2.5). The
signal at m/z 663 was identified as the cluster of the analyte, lithium cation and lithium
chloride which was due to the LiCl salt added to the analyte solution as the dopant and
can be controlled by modulating the LiCl concentration in the spray solution. The signal
at m/z 527 is consistent with the loss of 94 amu from the trimer adduct ion and is likely
due to in-source fragmentation that resulted from a concerted neutral loss of a water,
formaldehyde and ethanol molecule from the lithiated trimer ion. Figure 2.6 shows the
(+)HCD tandem mas spectrum of the trimer lithium adduct ion. As mentioned previously,
tandem mass spectrometry of lithium adduct precursor ions produce numerous stable and
structurally informative fragment ions that can be further applied for sequencing a model
oligomer. A precursor isolation window of 3 mass units is typical in our lab for tandem
analysis of lithiated lignin oligomers, since this isolation window allows for the
appearance of 6Li containing fragment ions HCD spectra for further confirmation of the
primary 7Li fragment ions. Structurally relevant fragment ions and proposed
fragmentation mechanisms are illustrated in Figure 2.7.
The tandem mass spectrum of this trimer resulted from four main fragmentation
pathways: pathway a, cleavage of the β-O-4ʹ bond, pathway b, a simultaneous loss of
water and formaldehyde from the trimer, and pathways c and d, cleavage of the β-βʹ bond
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in two alternative ways. Each of these main fragmentation mechanisms will be discussed
below in detail:
In pathway a, fragmentation occurs at the β-O-4ʹ linkage unit in which the ether
bond is broken and a concerted hydrogen transfer-double bond formation occurs. The
resulting product ions would be a G monomer unit ([C10H12O4]Li+, m/z 203) and a
syringaresinol dimer fragment ion ([C22H26O8]Li+, m/z 425) both of which were easily
observed in the HCD spectrum (m/z 425 was the base peak of the spectrum).
Pathway b proceeds via a simultaneous neutral loss of water and formaldehyde
(48 amu) leading to the formation of a fragment ion at m/z 573 ([C31H34O10]Li+). The
fragment ion at m/z 573 has an intact β-βʹ linkage that can further be cleaved on opposite
sides. Cleavage through pathway b1 leads to the formation of the fragment ion at m/z 391
([C22H24O6 ]Li+ ) whereas fragmentation through pathway b3 results in the formation of
the ion at m/z 337 ([C18H18O6]Li+) and the fragment ion at m/z 243 ([C13H16O4]Li+). This
fragmentation pattern for β-βʹ bond cleavage has been previously reported for β-βʹ dimers
using negative ion mode mass spectrometry.54, 63 Alternatively, the fragment ion at m/z
243, can be produced through multiple fragmentation pathways which explains its
relatively high abundance in the HCD spectrum. The fragment ion at m/z 573
([C31H34O10]Li+) can further fragment by a loss of ethanol (C2H6O, 46 amu) upon HCD
to yield the fragment ion at m/z 527 ([C29H28O9]Li+).
Pathways c and d proceed through cleavage of the β-βʹ bond in the trimer. This
fragmentation pattern can occur through two different ways as shown in Figure 2.7: β-βʹ
bond cleavage through pathway c and concerted double bond formations leading to the
formation of the ion at m/z 437 ([C23H26O8]Li+), and cleavage through pathway d which
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results in the ions at m/z 385 ([C19H22O8]Li+) and m/z 243 ([C13H16O4]Li+) both of which
observed in the tandem spectrum (m/z 385 was a weak signal and was not assigned in the
HCD spectrum for simplicity).
The fragment ion at m/z 243 in the tandem spectrum can also be attributed to the
further fragmentation on the S-(β-βʹ)-S dimer fragment ion via cleavage of the β-βʹ bond
(pathway a1). The signal at m/z 241 ([C13H14O4]Li+, pathway a2) is consistent with a β-βʹ
cleavage and concerted double bond formations on the syringaresinol dimer fragment ion.
The fragment ion at m/z 409 can be attributed to a loss of neutral methane (16 mass units)
from syringaresinol dimer fragment ion.
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Figure 2.5 Full spectrum of trimer SSG analyzed as Li adduct
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Figure 2.6 (+) HCD mass spectrum of trimer SSG analyzed as Li adduct
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Figure 2.7 Proposed HCD fragmentation pathways for SSG trimer analyzed as lithium
adduct. Fragmentation of the trimer model oligomer occurs through three main pathways:
cleavage of the β-βʹ bond (pathway a), a simultaneous loss of water and formaldehyde
(pathway b), and cleavage of the β-βʹ linkage in two alternative ways (pathway c and d).
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2.3.2 Fragmentation of G-(β-O-4ʹ)-S-(β-βʹ)-S-(β-O-4ʹ)-G tetramer based on its positive
ion HCD tandem spectrum and LTQ (+)CID MSn experiments
The synthesized model tetramer consisted of four monomer units, two S
monomers and two G monomers. The S monomers attached via a β-βʹ bond linkage and a
G monomer attached to each end making up the G-(β-O-4ʹ)-S-( β-βʹ)-S-(β-O-4ʹ)-G
tetramer. The accurate mass data of the studied model compounds SSG trimer and GSSG
tetramer using Q-Exactive orbitrap mass spectrometer along with their mass error is
given in Table 2.1.
Although very powerful in obtaining structural information with high resolution
and high mass accuracy, the Q-Exactive orbitrap mass spectrometer used for this study is
limited to MS2 analysis. Since multiple fragmentation (product ion fragmentation) is
regularly observed in HCD tandem analysis, the resulting MS2 spectrum can be
complicated and clouds the origin of each product ion. On the other hand, tandem mass
spectrometry in the linear ion trap mass spectrometer allows for detailed interrogation of
precursor-product ion pairs. Hence, we can further analyze the tetramer model compound
using MSn mass spectrometry using LTQ ion trap CID as a complimentary technique to
further elucidate the fragmentation pathway of the lithiated tetramer and also confirm the
origin of some fragment ions characterized in the tetramer HCD tandem spectrum. For
example, ion trap CID experiments were used to clarify whether the syringaresinol dimer
fragment ion (m/z 425) observed in the Q-Exactive HCD of the tetramer spectrum
directly resulted from the fragmentation of the tetramer, or if it resulted from a
consecutive loss of monomers from the tetramer ion upon HCD leading to the formation
of this fragment ion. Hence, the tetramer ion along with the trimer’s (m/z 621) and
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dimer’s (m/z 425) fragment ions was isolated and subjected to LTQ ion trap (+)CID
experiments.
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Table 2.1 Accurate mass data for synthesized trimer and tetramer
Name

SSG

GSSG

Structure

MW

Calc.
m/z[M+Li]+

(+) ESI/MS
Obs.
m/z[M+Li]+

Error
(ppm)

614

621.2518

621.2523

0.8650

810

817.3253

817.3256

0.2702

59

In a recent study by Sheng et al.64 trimer model compounds were subjected to
(+)ESI multiple-stage fragmentation using lithium adduct cationization. They concluded
that lithiated model compounds having β-O-4ʹ bonds, did not undergo fragmentations
leading to losses of dimers and monomers. Additionally, their cationization method did
not lead to identification of lithiated β-βʹ dimers. In contrast, we were able to perform
tandem experiments up to 5 stages on the lithiated tetramer model compound having β-O4ʹ and β-βʹ linkages and loss of monomer and dimer units and/or small molecules were
observed upon each fragmentation stage. Our findings support that the essential work of
structural elucidation of lignin oligomers with the common β-O-4ʹ and β-βʹ linkage types
is well suited to lithium adduction and tandem mass spectrometry.

2.3.2.1 (+)HCD tandem mass spectrometry
Figure 2.8 shows the full ESI spectrum and Figure 2.9 shows the (+) HCD
spectrum of the GSSG tetramer. The full spectrum indicates that the synthesized tetramer
can form a stable lithium adduct ion at m/z 817. Again, the signal at m/z 859 was
identified as the cluster of the analyte, lithium cation and lithium chloride. The signal at
m/z 412 in the full spectrum of lithiated tetramer is consistent with doubly charged Li
adducted tetramer ion which will be discussed in detail in Section 2.3.3.
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Figure 2.8 Full Mass spectrum of tetramer GSSG (Mw 810) analyzed as lithium adduct
[M+Li]+ m/z 817
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Figure 2.9 (+) HCD mass spectrum of GSSG tetramer analyzed as Li adduct
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Similar to what was observed in the full mass spectrum of the SSG trimer adduct
ion, the ion at m/z 723 in the full spectrum of lithiated tetramer is consistent with loss of
94 amu from the tetramer adduct ion and is highly likely resulted from in-source
fragmentation. The two foreign ions at m/z 665 and m/z 344 in the full spectrum of the
tetramer adduct ion are probably due to impurities. In order to make sure the impurities at
m/z 665 and m/z 344 observed in the full spectrum of the tetramer model compound have
no interference with the fragmentation of the lithiated tetramer and all the signals in the
HCD of the tetramer precursor ion observed in Figure 2.9 resulted from fragmentation of
the tetramer precursor ion, one further experiment was conducted in which the tetramer
precursor ion was isolated and subjected to a low NCE of 10% (Figure 2.10). The
resultant HCD spectrum showed the molecular ion (m/z 817) as the only signal in low
NCE demonstrating that the product ions that resulted from fragmentation of the tetramer
precursor ion in this study (NCE =35, Figure 2.9) are solely originated from the tetramer
precursor ion.
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Figure 2.10 HCD spectrum of GSSG tetramer precursor ion at NCE = 10

64

As shown in Figure 2.9, many of the signals observed upon fragmentation of the
tetramer are also observable in the mass spectrum of the SSG trimer ion. For example,
the fragment ion at m/z 621was also observed in the full spectrum of the SSG trimer as
the lithiated trimer (Figure 2.5). Another important signal is the fragment ion at m/z 425
which is identified as lithiated syringaresinol (S-(β-βʹ)-S) dimer, also detected in the
tandem spectrum of the trimer model.
These two product ions upon HCD of the tetramer, both have a good intensity and can be
further applied as the characteristic signals to provide structurally relevant information
for this type of tetramers upon analysis of unknown lignin degradation samples.
The signal at m/z 769 was identified as a fragment ion that resulted from a neutral
loss of water and formaldehyde (48 amu) from the tetramer adduct ion (m/z 817). The
signal m/z at 621 was identified as the SSG trimer ion ([C32H38O12]Li+) resulting from the
cleavage of one of the β-O-4ʹ bonds, and the signal at m/z 437 can be attributed to the
cleavage of the β-βʹ bond on the tetramer and simultaneous double bond formations
([C23H26O8]Li+). The HCD product ion at m/z 573 is attributed to a loss of 48 mass units
from the trimer ion as discussed earlier in Section 2.3.1.
Another key signal in the tetramer’s HCD spectrum is the signal at m/z 425 which
was identified as lithiated S-(β-βʹ)-S dimer. The appearance of the β-βʹ dimer ion (m/z
425) in the tetramer HCD spectrum perhaps indicates further fragmentation of the trimer
ion (m/z 621), suggesting that the cleavage of the two β-O-4 ʹ bonds on the tetramer is not
simultaneous but occurs through a step-by-step bond cleavage pathway. This hypothesis
is supported by LTQ multi-stage CID experiments which will be discussed later in
Section 2.3.2.2.
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Based on the findings obtained from orbitrap HCD experiments on the tetramer
model compound using lithium adduct ionization technique in positive mode, a
fragmentation pathway was proposed which is demonstrated in Figure 2.11.
The fragmentation of the tetramer ion is proposed to initiate through 3 different
bond cleavages on the tetramer precursor ion: (1) through β-O-4ʹ bond cleavage (pathway
a), (2) through loss of water and a formaldehyde from the tetramer precursor ion
(pathway b), and (3) through a β-βʹ bond cleavage (pathway c). Unlike the trimer, since
the tetramer model compound has the same groups on both sides of the β-βʹ bond,
cleavage on either side of the β-βʹ fragmentation sides would result in the same fragment
ions.
Pathway a proceeds via cleavage of one of the β-O-4ʹ bonds on the tetramer
leading to the formation of the SSG trimer fragment ion (m/z 621, [C32H38O12]Li+), and a
corresponding G-monomer ion (m/z 203, [C10H12O4]Li+). The fragment ion at m/z 203
was also observed upon β-O-4ʹ bond cleavage of the trimer model compound in section
2.3.1. In the next step, the lithiated trimer fragment ion can undergo a simultaneous
neutral loss of water and formaldehyde via pathway a1 leading to the formation of the
fragment ion at m/z 573 with a double bond ([C31H34O10]Li+). The fragment ion at m/z
527 in the HCD is consistent with a neutral loss of ethanol (46 amu) from the ion at m/z
573.
The trimer fragment ion (m/z 621) can also further fragment through pathway a2
to yield the S(β-βʹ)S dimer fragment ion at m/z 425. The dimer fragment ion then can
undergo further fragmentation by loss of neutral methane producing a fragment ion at
m/z 409, or through the cleavage of the β-βʹ bond resulting in the formation of two
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fragment ions at m/z 243 ([C13H16O4]Li+) and m/z 241 ([C13H14O4]Li+), the latter with a
less abundance (pathway d1 and d2 respectively). This observation is in line with the
fragmentation pattern of the SSG trimer ion in section 2.3.1.
Fragmentation of the tetramer precursor ion by pathway b proceeds through loss
of a water and a formaldehyde molecule (48 amu) resulting in the formation of the signal
at m/z 769 ([C41H46O14]Li+). In the next step (pathway b1), another 48 mass units is
expelled and the fragment ion at m/z 721 ([C40H42O12)Li+) is observed. The signals at m/z
391 ([C22H24O6]Li+) and m/z 337 ([C18H18O6]Li+, not shown in the HCD spectrum) are
consistent with a bond cleavage on the β-βʹ linkage of the fragment ion at m/z 721
(pathway b12).
Pathway c proceeds via cleavage of the β-βʹ linkage unit on the center of the
lithiated tetramer molecule leading to the formation of the lithium adducted ion at m/z
437 with this fragment ion being the base peak in the HCD spectrum indicating its high
stability upon collisional activation. Moreover, both possible bond cleavages on the β-βʹ
linkage would lead to the formation of m/z 437 which can further explain the high
abundance of this fragment ion upon orbitrap HCD. The other expected fragment ion
upon β-βʹ bond cleavage ([C19H22O8]Li+) at m/z 385 has low abundance (not shown in the
HCD spectrum) indicating its low stability upon collisional activation similar to what was
observed for analysis of trimer model compound. The accurate mass data of the product
ions resulted from HCD analysis of lithiated model tetramer with the corresponding
mass errors given in Table 2.2.
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Figure 2.11 Proposed fragmentation pathways for GSSG tetramer analyzed as lithium
adduct: cleavage of the β-βʹ bond (pathway a), a simultaneous loss of water and
formaldehyde (pathway b), and cleavage of the β-βʹ linkage (pathway c).
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Table 2.2 Accurate mass data of the product ions resulted from HCD analysis of lithiated
model tetramer
molecular formula
observed m/z
calculated m/z
error (ppm)
[C10H12O4]Li+

203. 0886

203.0890

-2.1522

[C13H14O4]Li+

241.1042

241.1047

-2.0434

[C13H16O4]Li+

243.1199

243.1203

-1.8157

[C18H18O6]Li+

337.1253

337.1258

-1.5397

[C19H22O8]Li+

385. 1465

385.1469

-0.9805

[C22H24O6]Li+

391.1724

391.1727

-0.9731

[C21H22O8]Li+

409.1467

409.1469

-0.4755

[C22H26O8]Li+

425.1775

425.1782

-1.6521

[C23H26O8]Li+

437.1778

437.1782

-0.9785

[C29H28O9]Li+

527.1887

527.1888

-0.2431

[C31H34O10]Li+

573.2307

573.2307

-0.0013

[C32H38O12]Li+

621.2520

621.2518

0.2755

[C40H42O12]Li+

721.2830

721.2831

-0.0860

[C41H46O14]Li+

769.3039

769.3042

-0.4125
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2.3.2.2 LTQ (+) MS n
The tetramer model compound was subjected to multiple-stage CID
fragmentation using an LTQ ion trap mass spectrometer. A summary of CID MSn
findings for the tetramer is given in Table 2.3 and the corresponding mass spectra are
given in Appendix 1. Upon the first CID experiment (MS2) on the lithiated tetramer, three
strong signals with m/z 769, m/z 621 and m/z 437 were observed as the most abundant
product ions respectively. The signal at m/z 769 is the base peak and is suggested to be
produced by the simultaneous neutral loss of water and formaldehyde (48 amu) from the
lithiated tetramer (Figure 2.11, [C41H46O14]Li+). This implies that fragmentation of the
lithiated tetramer ion mostly proceeds through a simultaneous neutral loss of water and
formaldehyde and its relatively low abundance observed in the HCD spectrum might be
due to the further fragmentation.
The fragment ion at m/z 621 was consistent with the lithium adduct ion of SSG
trimer ( [C32H38O12]Li+). The m/z 437 was consistent with ββʹ cleavage. Since both
monolignols attached to the end sites of the S-(β-βʹ)-S dimer through β-O-4ʹ bonds are
the same (G unit), and considering the symmetry of the tetramer molecule, one can
imagine that the two β-O-4ʹ bonds in the tetramer have the same internal energy upon
CID and therefore both β-O-4ʹ bonds can fragment during CID. However, interestingly
the CID/MS2 experiment showed that the loss of one G unit and not two is preferred upon
the CID/MS2 experiment on the tetramer, indicating the applied activation energy upon
CID might be enough for cleavage of only one β-O-4ʹ bond.
In the next CID experiment, the fragment ion at m/z 621 which is related to the
SSG trimer ion was isolated and subjected to further fragmentation (MS 3) . Upon CID,
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two strong signals were observed at m/z 573 and m/z 425. The fragment ion at m/z 573 is
the base signal with 48 mass units less than the mass of precursor ion which was
consistent with loss of a water molecule and a formaldehyde from the lithiated trimer.
The fragment ion at m/z 425 is a strong signal and characterized as lithium adduct of the
S-(β-βʹ)-S dimer ([C22H26O8]Li+ , Figure 2.11). Other distinctive signals in the MS3
spectrum are weak and are given in Table 2.3.
Further isolation and CID fragmentation on m/z 425 (S-(β-βʹ)-S adducted ion) and
m/z 410 were conducted respectively in the next step and the main observed signals are
given. Based on the findings that resulted from the multiple-stage fragmentation
experiments on the lithium adduct of the tetramer, it is suggested that fragment ions at
m/z 769, m/z 621 and m/z 437 are directly resulted from the fragmentation of the lithiated
tetramer, whereas the S-(β-βʹ)-S dimer fragment ion, along with the fragment ion at m/z
573 is mainly produced via fragmentation of the trimer ion as these two fragment ions
have high intensity upon isolation and CID of the trimer fragment ion (MS3) and in
contrast, are very weak signals upon CID of the lithium adduct of the tetramer (MS 2).

2.3.3 Doubly charged Li adducted lignin tetramer ([M+2Li+])
The presence of the signal at m/z 412 in the full spectrum of the tetramer model
compound (Figure 2.8) was consistent with adduction of two lithium ions to the model
tetramer ([M+2Li+], Z=2, observed m/z 412.1700, calculated m/z 412.1704, error (ppm):
-0.9334 ) which was further supported by its isotopic pattern (Figure 2.12). This
observation is in line with a study by Andrianova et al. in which the presence of multiply
charged lignin species upon ESI mass spectrometry analysis was demonstrated.65
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Table 2.3. Key fragment ions produced during CID/MSn experiment
MS2
(m/z 817)
769(100%)
621(53%)
437(38%)
573 (8%)
425 (8%)
721 (2%)

Structure
[M]Li+ / m/z 817
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MS3
(m/z 621)
573(100%)
425(49%)
243(1%)
409(2%)
437 (3%)
241(<1%)
203 (trace)

MS4
(m/z 425)
243(100%)
410 (71%)
395(45%)
347 (2%)

MS5
(m/z 410)
395(100)
173(83%)
382(54%)

Figure 2.12 Isotopic pattern of the ion at m/z 412 in the full spectrum of SGGS tetramer
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The behavior of the doubly charged tetramer model compound was investigated
using both Q-Exactive (+) HCD and LTQ (+) CID techniques and the results were
compared to (+) HCD and (+) CID experiments on the singly Li adducted tetramer
discussed earlier. Upon tandem analysis using LTQ mass spectrometer, the doubly
charged model oligomer (m/z 412) resulted in a number of singly charged and doubly
charged product ions as shown in Figure 2.13, with the m/z 388 observed as the base
peak. This signal is consistent with loss of 48 amu from the doubly charged tetramer ion
due to a simultaneous loss of water and formaldehyde ([C41H46O14+2Li+], m/z 388). The
same fragment ion but adducted with one Li ion (C41H46O14+Li+,m/z 769) was observed
as the base peak upon CID/MS2 on the singly charged tetramer as discussed in section
2.3.2.2, implying the simultaneous loss of a water and a formaldehyde molecule as the
lowest energy process for the tetramer ion regardless of charge state.
Although one of the main fragmentation pathways upon CID/MS 2 on the singly
lithium adducted tetramer was suggested to be through cleavage of the β-βʹ bond
resulting in the formation of the fragment ion at m/z 437 ([C23H26O8]Li+) as discussed in
Section 2.3.2.2, to our amazement, no such fragment ion (whether singly or doubly
charged) resulting from β-βʹ bond cleavage was observed upon CID/MS2 on the doubly
charged model tetramer (Figure 2.13). A similar phenomenon was observed when the
(+)HCD spectrum of the doubly lithium adducted tetramer (Figure 2.14) was compared to
that of the singly lithium adducted tetramer although both experiments were conducted
using the same NCE value of 35. In the HCD spectrum of the single adducted tetramer
(Figure 2.9), the fragment ion at m/z 437 resulting from β-βʹ cleavage on the tetramer was
the base peak whereas in the HCD spectrum of the doubly charged tetramer, the signal
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related to this fragment ion was relatively weak. We speculate that adduction of two Li
cations to the tetramer could play a role in stabilizing the β-βʹ bond in the tetramer
leading to a relatively weak signal in the HCD spectrum and no signal in the CID/MS 2
spectrum at m/z 437 (singly charged fragment ion) resulting from β-βʹ bond cleavage,
and no observation of doubly charged fragment ion (expected at m/z 222) corresponds to
β-βʹ cleavage.

75

Figure 2.13 LTQ (+)CID/MS2 spectrum of doubly charged tetramer analyzed as Li
adduct
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Figure 2.14 Q-Exactive (+) HCD spectrum of the doubly charged tetramer (m/z 412)
analyzed as Li adduct.
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Figure 2.15 LTQ (+)CID/MS3 (on m/z388) spectrum of doubly charged tetramer
analyzed as Li adduct
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2.3.4 Study of Li cationization sites on the model oligomers
Based on the hardness-softness concept demonstrated by Pearson, oxygen as the
donor atom and lithium ion both are considered as hard elements due to high charge
density and low polarizability.66-68 Hence, we speculate that Li cations tend to attach to
hydroxyl groups on lignin oligomers most likely to the β-O-4ʹ bond linkages due to the
harder nature of oxygen atoms in alcoholic hydroxyls compared to phenolic hydroxyls
which are in resonance state with an aryl group. This leads to a lower charge density
(more polarizability) and a softer nature of oxygen atoms in phenolic hydroxyls
compared to alcoholic hydroxyls at β-O-4ʹ positions.69 In order to test the hypothesis of
β-O-4ʹ bonds as preferred sites for Li cationization, a series of CID experiments were
conducted on doubly charged ions. The doubly charged fragment ion at m/z 388
([C41H46O14]+2Li+) was isolated and subjected to further fragmentation (Figure 2.15).
The m/z 388 ion corresponds to two Li cations adducted tetramer which has lost one of
its two β-O-4ʹ bonds through a simultaneous loss of water and a formaldehyde
([C41H46O14]+2Li+, Figure 2.15). Therefore, unlike the intact tetramer with two β-O-4ʹ
linkages, the isolated fragment ion at m/z 388 is likely to have only one β-O-4ʹ bond.
Since there is only one β-O-4ʹ bond in the precursor ion at m/z 388, the second lithium
cation is likely attached to one of the terminal phenolic hydroxyl groups, although
through a weaker interaction as discussed earlier. Upon CID activation, the doublycharged fragment ion at m/z 388 produced a strong signal at m/z 769 consistent with
C41H46O14+Li+ from the loss of one Li cation. The facile loss of one lithium cation from
the doubly charged precursor ion implies a weaker interaction of that Li cation with the
terminal phenolic hydroxyl group of the precursor ion while the other Li cation was better
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coordinated to the alcoholic hydroxyl at the β-O-4ʹ bond. This is further supported by the
CID/MS2 on the doubly charged tetramer (m/z 412, z =2) which has two intact β-O-4ʹ
linkages. Unlike CID on m/z 388, no signal consistent with the singly charged tetramer
(m/z 817) was observed as a product ion implying no loss of Li cation from the precursor
ion. This can be explained by strong interactions between two lithium cations and the two
β-O-4ʹ bonds on the tetramer further supporting the hypothesis of preferability of Li
cationization on β-O-4ʹ positions of lignin oligomers.
Our findings presented in this section support that doubly charged lignin
oligomers should be taken into consideration in mass spectrometric study of lignin
oligomers. Additionally, a higher number of β-O-4ʹ bonding linkages in a lignin oligomer
can lead to higher charge states, as lithium cations most likely tend to form more stable
adducts when attached to β-O-4ʹ positions in contrast to weaker interactions with
phenolic hydroxyl groups.
2.3.5 Proposing sequence rules based on the (+) HCD “key fragment ions”
Based on the (+) HCD sequence studies performed on the S-(β-βʹ)-S-(β-O-4ʹ)-G
trimer and G-(β-O-4ʹ)-S-(β-βʹ)-S-(β-O-4ʹ)-G tetramer model compounds, we were able to
propose an approach for the sequencing of any trimers and tetramers with an A-(β-O-4ʹ)B-(β-βʹ)-C-(β-O-4ʹ)-D or B-(β-βʹ)-C-(β-O-4ʹ)-D structure using “key fragment ions”
demonstrated in Figure 2.16, where A,B,C and D are lignin monomer units.
To determine the sequence of any trimer or tetramer with the mentioned
structures, all one would need are (1) a full spectrum of the studied lignin oligomer, (2)
the (+) HCD tandem spectrum, and (3) the tables demonstrated in Figure 2.17 in which
all possible m/z values for the key fragment ions are given. It is noteworthy to mention
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that although Figure 2.16 shows only tetramers as the precursor ion, similar “key
fragment ions” that do not consider ring A can be used for representation of trimers
(BCD).
To sequence trimers or tetramers, the first step would be identification of the
precursor ion using the full spectrum. This information is used to determine the molecular
mass as well as whether the oligomer belongs to the trimer or tetramer category.
Precursor ions with m/z values ranging between 471and 651 would be considered as a
trimer with m/z 471 being an HHH trimer and m/z 651 being an SSS trimer. On the other
hand, precursor ions with an m/z at 637-877 would be assigned as a tetramer, with m/z
637 being an HHHH tetramer and 877 being an SSSS tetramer. It should be noted that
although it appears that the mass ranges of possible lithiated trimers (471 ≤ m/z ≤ 651)
and tetramers (637≤ m/z ≤ 877 ) have a small overlap which might be assumed to
complicate the identification of an unknown oligomer as a trimer or tetramer, no lithiated
trimer’s or tetramer’s mass would fall on this small overlap (637-651). Therefore, it
would not be a burden in the sequencing of an unknown oligomer with the discussed
structures.
The second sequencing step would be using the (+) HCD spectrum to identify the
monomer units according to the monomer table in Figure 2.17 where m/z values for all
possible key fragment ions are given. For many tetramers, using only the table of
monomers would not be enough for sequencing, and hence, other key fragment ions
demonstrated in Figure 2.17 should be considered. For example, for the tetramer
investigated in this study (GSSG, [M+Li+]= 817) , m/z at 203 and 243 observed in the (+)
HCD spectrum indicates G, S, S and G monomer units as ring A, B, C and D respectively
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according to the monomer table (Figure 2.17). These results elucidate the GSSG tetramer
without the need for identification of other key fragment ions. All other possible
tetramers with a same m/z (817) for lithiated precursor ion are given in Table 2.4.
As another example for a tetramer sequencing, SHSS tetramer is expected to
show a lithiated precursor ion at m/z 817 in the full spectrum (Table 2.4). Upon the (+)
HCD tandem, the fragment ion at m/z 233 indicates an S monomer as the only possibility
for ring A and ring D. However, m/z 183 and m/z 243 indicate H and S for ring B or C.
The ambiguity of ring B and C can be resolved using other key fragment ions (ring AB,
BC and CD in Figure 2.17) according to which there would be four possibilities (SS, HS,
SH, GG) for ring AB or CD based on the m/z values (m/z 467, m/z 407), and three
possibilities for ring BC as m/z 365 is consistent with the m/z of lithiated HS,SH and GG
as ring BC. However, since ring A can only be an S monomer unit according to the
monomer table, the number of possibilities for ring AB would be narrowed down to two,
which are SS and SH. Similarly, ring D can only be an S monomer unit as discussed
earlier which will reduce the sequence possibilities for ring CD to only SS and HS. Now,
based on the tables of ring AB, BC and CD, there are only two sequence possibilities for
the tetramer, SSHS and SHSS which are in fact the same oligomer considering the
symmetry of this class of tetramers (A-(β-O-4ʹ)-B-(β-βʹ)-C-(β-O-4ʹ)-D). Therefore, the
sequence of this tetramer can be assigned as SSHS (or SHSS) and not HSSS.
Additionally, Figure 2.17 (BCD table) shows all possible sequences for ring BCD which
can be used as the last step to further confirm the sequence of the tetramer.
A similar approach can be applied for sequencing of any lignin trimer with a B(β-βʹ)-C-(β-O-4ʹ)-D bonding motif, although with more simplicity as ring D always holds
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unique m/z values relative to both ring B and C in the trimers and can be easily identified
from any HCD spectrum (Figure 2.17, monomer table). For example, for the trimer
investigated in this study (SSG, [M+Li]+ = 621), m/z at 203 and 243 observed in the (+)
HCD spectrum are consistent with S, S and G monomers as ring B, C and D respectively
(Figure 2.17, monomer table) which complete the sequence as SSG for the trimer. All
other possible trimers and their key fragment ions with a lithiated precursor ion at m/z
621 are given in Table 2.4. It should be noted that, when it comes to trimers, ring BCD
(Figure 2.17) can be considered as the precursor ion for trimers, hence representing all
potential trimers with a B-(β-βʹ)-C-(β-O-4ʹ)-D structure.
As another example for sequencing a trimer, SGS trimer indicates a lithiated
precursor ion at m/z 621(Table 2.4). Based on this m/z value, one can figure that this
lignin oligomer belongs to lignin trimers as discussed earlier. The next step would be
consideration of monomer units according to Figure 2.17. Upon (+) HCD, three m/z at
243, 213 and 233 would indicate G and S monomer units as ring B or C but ring D can be
easily identified as an S monomer unit. Identification of m/z 437 as ring CD is consistent
with GS or SG but since ring D was identified as an S monomer unit, ring CD is
identified as GS. On the other hand, m/z 395 in the HCD spectrum is consistent with GS
or SG as ring BC according to the Figure 2.17. However, as ring C is already identified as
a G unit, the sequence is confirmed to be SGS and not SSG or GSS.
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Figure 2.16 Generic structure of the A-(β-O-4ʹ)-B-(β-βʹ)-C-(β-O-4ʹ)-D tetramer and the structures
of key fragment ions produced upon HCD. Each R group is either a methoxy or a hydrogen. A,B,
C and D are monomer units. An H monomer unit indicates both R groups in the monomer are
hydrogens. An S unit indicates both R groups in the monomer are methoxy groups and finally, a
G monomer indicates one R as a hydrogen and the other as a methoxy group. Cleavage of the βO-4ʹ bond on the left side of the tetramer produces ring A as a fragment ion whereas cleavage of
the β-O-4ʹ bond located on the right side of the tetramer produces ring D as the fragment ion and
so on. Fragment ions A and D, B and C, AB and CD, and finally BCD and ABC can be the same
or different depending on the R groups
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Table 2.4 Proposed diagnostic HCD fragment ions for the remaining tetramers and
trimers with [M+Li+]=817 and [M+Li+]=621respectively
[M]Li+
817

[A]Li+ [B]Li+ [C]Li+ [D]Li+ [BCD]Li+ [ABC]Li+ [AB]Li+ [BC]Li+ [CD]Li+ Sequence
173
243 243
233
651
591
407
425
467
HSSS

817

233

213

213

233

591

591

437

365

437

SGGS

817

233

183

243

233

591

591

407

365

467

SHSS

817

203

213

243

233

621

591

407

395

467

GGSS

621

-

243

213

233

-

-

-

395

437

SGS

621

-

213

243

233

-

-

-

395

467

GSS
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unit [A]Li+(m/z)

[B]Li+(m/z)

[C]Li+(m/z)

[D]Li+(m/z)

H

173

183

183

173

G

203

213

213

203

S

233

243

243

233

Unit [AB]Li+ (m/z)

[BC]Li+ (m/z)

[CD]Li+(m/z)

HG

377

335

377

HH

347

305

347

GH

377

335

377

SS

467

425

467

HS

407

365

407

GS

437

395

437

SG

437

395

437

SH

407

365

407

GG

407

365

407

Unit

[BCD]Li+ (m/z)

Unit

[BCD]Li+ (m/z)

Unit

[BCD]Li+ (m/z)

HHH
HHG
HHS
HGH
HGG
HGS
HSH
HSG
HSS

471
501
531
501
531
561
531
561
591

GHG
GHS
GGH
GGG
GGS
GSH
GSG
GSS
SHH

531
561
531
561
591
561
591
621
531

SHS
SGH
SGG
SGS
SSH
SSG
SSS
GHH
SHG

591
561
591
621
591
621
651
501
561

Figure 2.17 Propesed (+) HCD key fragment ions and their m/z values, Top: key
monomers, center: ring [AB], [BC] and [CD], bottom: ring [BCD]
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2.4. Conclusion
Two advanced lignin oligomer model compounds having both β-βʹ and β-O-4ʹ
bonding motifs were synthesized and subjected to high-resolution mass spectrometry in
positive ion mode using lithium adduction. Both model compounds can form stable
lithium adduct ions and can produce sequence specific fragment ions upon tandem ESI.
LTQ ion trap CID and Q-Exactive orbitrap HCD techniques were applied for producing
sequence specific fragment ions. Our findings show that upon both HCD and CID tandem
analysis using lithium cationization, fragmentation occurs at both β-O-4ʹ and β-βʹ bond
types leading to the formation of lithium adducted fragment ions including lithiated
monomers and dimers.
The trimer and tetramer investigated have the same bonding motifs. However,
interestingly, the base peak upon HCD of the tetramer was a result of the cleavage of the
β-βʹ bond. In contrast, in the HCD spectrum of the analyzed trimer with the same bonding
motifs, the dimer resulting from β-O-4ʹ bond cleavage appeared as the base peak in the
HCD spectrum.
LTQ CID experiments were also performed as a complimentary technique to
further confirm sequencing and the origin of some of the fragment ions observed in the
HCD spectrum. Astonishingly, LTQ multiple-stage CID experiments on the lithiated
tetramer with the same monomer units on the end sides indicated a consecutive loss of
monomer units as the predominant fragmentation mechanism. This result is highly
desired for the successful characterization of unknown lignin oligomers. The lithium
cationization method we proposed here showed a great potential for sequencing of
advanced lignin oligomers having β-βʹ and β-O-4ʹ bonds, as Li cationization can promote
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fragmentation on both β-βʹ and β-O-4ʹ bonding motifs resulting in formation of stable Li
adducted monomer or dimer ions that can be used to facilitate structural elucidation of
lignin end products.
In the present study, we also demonstrated the formation possibility of doublycharged lignin oligomers. Based on the results, double and higher charge states should be
taken into consideration when analyzing lignin degradation samples.
This study can serve as a guide for better understanding of lignin’s structure and
can assist researchers with structural elucidation of lignin decomposition products having
both β-O-4ʹ and β-βʹ bonding motifs using (+) ESI tandem mass spectrometry.
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CHAPTER 3. Discovery and characterization of the lignan syringaresinol in bourbon and
investigation of its origin using liquid chromatography-high resolution mass spectrometry

Parts of this dissertation chapter are taken from: Masoumeh Dorrani & Bert C. Lynn, “Discovery,
characterization and quantification of the lignan syringaresinol in bourbon whiskey by ultra-high
pressure liquid chromatography- high resolution mass spectrometry (UHPLC-HRAM) and
investigation of its origin using a model barrel aging experiment”, in-progress

3.1 Introduction
3.1.1 What is bourbon whiskey?
Whiskey is a type of distilled spirit made from fermented grain mash such as
corn, wheat, and rye, aged in barrels. Different kinds of whiskey are produced worldwide
depending on the country of origin, type of grain mixture, and storage condition. USA,
Ireland, and Scotland, along with Japan and Canada are significant producers of
whiskey.70 Bourbon whiskey, Scotch whiskey, and Irish whiskey are produced by the
USA, Scotland, and Ireland, respectively. The production of whiskey was first reported in
1405 in Ireland, and was probably produced by farmers as an additional source of
income.70-71 There is a growing market for whiskey production with an estimation of
$89.60 billion by 2025.70
Bourbon, which is recognized as “A distinctive product of the United States”, is a
type of whiskey, and was first produced in Kentucky.72 However, there is much
speculation about where the name “Bourbon” is originated from. Some believe that the
name comes from “Old Bourbon county” in Kentucky. It is also possible that the name
bourbon comes from “Bourbon street” in New Orleans where bourbon used to be shipped
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to and sold in the past. Another possibility is that this liquor was named after a French
royal family called “The Bourbons”. 72
By definition, whiskey can be called bourbon when it is produced from a mixture
of grains (aka, mash bill) composed of at least 51% corn, distilled to no more than 80%
alcohol by volume (ABV), and entered into the barrel for maturation at no more than
62.5% ABV. Moreover, bourbon needs to be aged in new charred barrels made of oak.73
According to the federal regulations, no artificial coloring and flavoring can be added to
bourbon.72 Currently, about 95 % of the world’s bourbon is produced in Kentucky,
USA.72

3.1.2 How bourbon is made?
Each distillery has its own secret recipe for bourbon production, but there are a
few general steps that are needed to be taken to produce this alcoholic beverage. The first
major step in bourbon production is fermentation, in which a mixture of grains is
selected, coarsely grounded and then fermented in the presence of water and yeast. As
mentioned before, at least 51% of the grain mixture must be corn. Other grains such as
rye, barley, and wheat might be added to modify the flavor. It should be noted that before
fermentation, the grain mixture first needs to be heated at a certain temperature
(sometimes under pressure) in order to hydrolyze starch into simple sugars to facilitate
the fermentation process. Subsequently, the cooked mash bill is fermented, wherein sugar
is converted to alcohol and carbon dioxide.
The second step in bourbon production is the distillation process. The spirit
resulting from the distillation step is known as “White Dog,” which is bottled and sold by
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some distilleries as a type of alcoholic beverage. In order to turn it into bourbon, the
white dog’s alcohol content must be reduced to 62.5% ABV or below before barrel
filling, as mentioned before.
The final step before bottling bourbon is the aging process or “maturation,” in
which the spirit is aged in new charred oak barrels for a certain amount of time. During
the aging process, which is probably the most crucial step in the bourbon-making
process, bourbon obtains its distinct flavor and is converted from a colorless liquid to an
amber color depending on the maturation time in the oak barrel. The aging process in the
barrel is a complex phenomenon. For instance, the extent to which the barrel is charred
before distillate aging in the barrel, maturation time, temperature fluctuation in the
rickhouse (the building where the bourbon barrels are kept for bourbon maturation), the
barrel position in the rickhouse, and the oak wood type and history; all affect the
characteristics of the final product74, some of which are kept as a secret in distilleries.
The aging process will be discussed in the next section in more detail as it is of great
importance in the bourbon process.

3.1.3 Bourbon aging process
For the aging process, the spirit resulting from the distillation step enters into new
charred oak barrels and is stored in the warehouse for maturation. The aging process has
a significant effect on the aroma, flavor and color of the resulting spirit and is an essential
contributor to the distinctive flavor of bourbon.74 Despite extensive analysis of bourbon
composition, little is known about the chemistry involved during the bourbon aging
process in the barrel, such as the interactions between the wood and distillate during the

91

aging process. Moreover, the charring process of the interior of the barrel, which is done
before entering the distillate into barrels and is a form of fast pyrolysis, further
complicates the study of bourbon-wood interaction as charring appears to make wood
more reactive and alters the structure of cellulose, hemicellulose, and lignin in the
wood.74-75 During maturation time, changes in temperature due to the change in the
seasons occur affecting the wood-distillate interaction. It is speculated that during the
warmer seasons, the distillate inside the barrel expands and penetrates the barrel wood,
while during the colder seasons when the temperature drops, wood components are
pulled out from the wood staves due to the contraction of the distillate in the barrel.74 The
expansion and contraction of the distillate lead to the presence of different compounds
originating from the barrel wood, such as phenolics and sugars in bourbon, depending on
the aging time (Figure 3.1).74
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Figure 3.1 Bourbon maturation in barrels
(Source: https://www.bourbonbanter.com/banter/science-barrel-aging/)
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3.1.4 Chemistry of oak wood
Oak trees belong to the genus Quercus and are native to northern hemisphere. Oak
is the primary wood used for manufacturing barrels due to the oak wood’s high
flexibility, resistance, easy handling, and relatively low permeability76-78 Although there
are about 600 species in the genus Quercus worldwide79, French oak (Quercus Petrea or
Quercus Robur) and American white oak (Quercus alba) are the major oak wood applied
for barrel fabrication in order to store alcoholic beverages, with the American white oak
used exclusively for bourbon production. Oak is a hardwood and contains various
chemical compounds such as whiskey lactone, phenolics, hydrolysable tannins, and
lipids.79-85 It is believed that American oak wood has higher amounts of vanillin and oak
lactones whereas French oak wood has higher concentrations of tannins.86 In addition,
American oaks generally have higher density and resistance to fluid flow, and lower
porosity than their European counterpart.87
For the manufacturing of barrels, oak wood is first cut to staves and then the wood
staves are seasoned in open air. In order to make barrels, it might be required to bend the
oak staves. To do so, heat, water, or steam is applied. Subsequently, the interior of the
barrel is toasted (mostly for aged-wine production) or charred (for bourbon production) at
a certain temperature and duration. Finally, the oak barrel is filled with the alcoholic
beverage and stored in a rickhouse for maturation. Each of these steps as well as oak
woods’ genetic variation are factors affecting the chemical composition of oak wood and
consequently affect the composition of the resultant barrel-aged alcoholic beverage, as
wood components are extracted into the alcoholic drink during barrel maturation .88
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Thermal treatment of barrels (toasting or charring) significantly affects the wood
composition, especially via generating volatile compounds.88-89 During the charring
process, the barrel's inner surface is exposed to a gas flame at a temperature around 1950
°C.74 It has been found that charring of barrels and the subsequent distillate maturation
leads to the release of sugars from the wood components, cellulose, and hemicellulose,
into the distillate.74 Toasting on the other hand, is a milder form of wood thermal
degradation in which oak wood is heated at temperatures in the range of 150–240 °C for a
certain time.90 Oak toasting is a common practice for making barrel-aged wine. Although
the resultant barrel-aged alcoholic beverage is not called whiskey in this case, the study
of toasted wood can shed light on the chemistry and composition of oak wood. Toasting
process in the manufacturing of barrels changes the quantity and quality of extractable
compounds in oak wood depending on the toasting severity.77, 91 For example, thermal
degradation during toasting of barrels leads to the formation of furanic compounds from
depolymerization of hemicellulose; volatile phenols from lignin; and oak lactones from
dehydration of acids in the oak wood.77, 92 Farrell et al. studied and compared volatile
compounds resulting from the toasting of French and American oak wood under different
temperatures using an online mass spectrometry method.92 They concluded that in
addition to the toasting temperature, the resultant volatile compounds quantities depend
on the source of the oak wood. With the exception of furfural and 5-methyl furfural
American oak wood showed higher concentrations of all studied volatile compounds such
as vanillin, eugenol, and oak lactone compared to French oak after toasting at the same
temperature. Additionally, the same study has shown that individual oak boards of the
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same origin, density, and moisture content reacts differently under similar toasting
condition.92

3.1.5 Whiskey composition
Whiskey contains acids, alcohols, phenolics, esters, and other organic compounds
making this spirit a complex mixture.86 Recent Advancements in gas and liquid
chromatography techniques coupled with mass spectrometry have enabled extensive
analysis of volatile and non-volatile compounds in whiskey.73, 93-94
Different types of aliphatic alcohols, carboxylic acids and esters have been
reported in whiskey, which are produced by yeast during the fermentation stage.86 Esters
can also be produced during the distillation step and/or during maturation of whiskey in
barrels.86, 88 Among the most abundant aliphatic alcohol in whiskey are propanols,
butanols, and pentanols. The most abundant esters are ethyl esters, and finally, the main
carboxylic acid found in whiskey is acetic acid with 50-90% of the total content of
volatile acids in whiskey being acetic acid.86
Aldehyde and ketones have also been reported in whiskey. The majority of these
compounds result from the metabolic activities of yeast during the fermentation
process.86 However, the formation of carbonyl compounds can also occur in any step of
whiskey production through degradation and other processes.86
A variety of phenols and their corresponding esters and acids as well as
polyphenols such as lignin oligomers and tannins have also been detected in whiskey.86 It
is believed that phenolic aldehydes such as syringaldehyde, vanillin, coniferyl aldehyde,
and sinapaldehyde are originated from lignin breakdown during both barrel charring and
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whiskey maturation process.86 In particular, vanillin, eugenol, and cis oak lactone are
responsible for “vanilla” and “clove-like” flavors in bourbon.86 Sulfur and nitrogen
compounds, as well as lactones and other oxygen-containing heterocyclic compounds are
also among chemicals detected in whiskey samples.86 Two main reactions occur during
whiskey aging process in the barrel: oxidation reactions and transesterification.88 During
transesterification, an alcohol and an acid react to yield an ester. It is speculated that this
reaction in barrels may occur independently of the barrel wood.95 Transesterification
gives whiskey its fruity aromas. During the oxidation reactions, compounds are extracted
from the barrel wood into the aging spirit and will further contribute to the distinct flavor
of whisky. Moreover, the history of the oak wood used for manufacturing of barrels has a
significant effect on the chemical composition of the resultant whiskey.

3.1.6 Syringaresinol (S-(β-βʹ)-S)
Syringaresinol is a naturally-occurring lignan consisting of two S monomer units
attached via a β-βʹ linkage. It can also be a part of the lignin structure. There are three
possible diastereomers of syringaresinol that have been shown in Figure 3.2.96
This dimer and its derivatives have been extracted from grains as well as from
different parts of plants.97-104 Also, the presence of this lignan has been reported in
wines.104 It has been shown that toasting oak wood results in higher extracted amounts of
syringaresinol.105 This compound has exhibited a variety of biological activities such as
anti-inflammatory, cytotoxic and anti-carcinogenic properties.106-108 Moreover,
syringaresinol has shown a great potential as a renewable and safer substitute to
bisphenol A (BPA) in epoxy-amine resins.109
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Although many studies have focused on analyzing whiskeys including bourbon 73,
110-115,

to date, syringaresinol in bourbon samples has been underreported in the literature.

Collins et al. in 2014, analyzed 63 commercial whiskey samples including 37 bourbon
samples using ultra high pressure liquid chromatography coupled with mass spectrometry
(UHPLC-MS).93 In this study, the presence of syringaresinol in a Tennessee whiskey
sample was suggested based on its mass spectrum. Unfortunately, the authors failed to
detect syringaresinol in other studied whiskeys. It should be noted that Tennessee
whiskey production is essentially very similar to the bourbon-making process with the
exception that, it must be produced in the Tennessee state and must go through a charcoal
filtration step right before aging in barrels.
In this chapter of the present dissertation, a variety of commercial whiskey
samples including six different bourbon samples, and a scotch whiskey sample were
analyzed using UHPLC-MS technique; and interestingly, the presence of syringaresinol
was identified and characterized in all analyzed samples. syringaresinol model compound
was also synthesized and used to further confirm the presence of this dimer in whiskey
samples unambiguously.
In the next step, the origin of syringaresinol in whiskey samples was investigated.
The hypothesis was that syringaresinol is originated from oak wood barrels and enters
into the distillate during the aging process. To test this hypothesis, two strategies were
used: (1) an unaged spirit and a whiskey sample aged in a barrel which was previously
used for bourbon maturation (Scotch whiskey) were both analyzed and their
syringaresinol contents were compared to that in the bourbon samples, and (2) a model
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distillate aging system was designed in the laboratory to simulate maturation of whiskeys
in oak barrels.
The hypothesis that syringaresinol in whiskeys is originated directly from oak
wood barrels was supported by our data which will be discussed in detail in the result and
discussion part of this chapter.
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Figure 3.2 Three possible diastereomers of syringaresinol96
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3.2 Materials and methods
3.2.1 Chemicals
All reagents were used without further purification. Sinapinic acid and iron (III)
chloride were supplied from Alfa Aesar (Ward Hill, MA, USA). Optima grade water and
acetonitrile were obtained from Fisher Scientific (Fair Lawn, NJ, USA). Acetyl bromide,
diisobutyl aluminum hydride (DIBAL-H, 1M in methylene chloride) and ammonium
hydroxide were supplied by Sigma Aldrich (St. Louis, MO). Ethanol, ethyl acetate,
hexane, chloroform and dichloromethane were purchased from VWR analytical. whiskey
samples analyzed in this study were obtained commercially from local vendors.
3.2.2 Oak wood samples
This study used two different American oak wood (Quercus alba) samples for the
model distillate aging experiment: A piece of unused charred stave that was part of a
barrel was provided from Dr. Seth Debolt’s research group at University of Kentucky.
Sawdust was prepared from this sample by shaving off wood from the stave using a drill.
Milled untreated oak biomass was obtained from Independent Stave Company
(Morehead, KY, USA).

3.2.3 Synthesis of syringaresinol model compound
Syringaresinol model compound was synthesized based on a method previously
reported with several modifications.62 The procedure for the synthesis of this compound
is detailed in Chapter 2 of this dissertation under “Materials and methods” section.
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3.2.4 Model distillate aging experiment
To 100 mg sawdust in a vial was added 5 mL of 50% ethanol solution in water as
the model spirit; and 50 μL hydrochloric acid as a catalyst. The vial was sealed, placed in
an oil bath at 100 °C and stirred for the desired time (1 to 3 days). The vial was then
removed from the oil bath, cooled to room temperature, and extracted with water and
chloroform as follows.
3.2.5 Extraction
After the model aging experiment, 200 μL aliquot from the vial containing the
model spirit was transferred to a 1.5 mL microcentrifuge tube. 800 μL Deionized water
and 400 μL chloroform were added and the sample was vigorously mixed for 10 seconds.
Subsequently, the sample was centrifuged at 13.3 rpm for 2 mins to completely separate
the organic phase (chloroform) from the aqueous phase. 60 μL from the chloroform layer
was carefully transferred to a 1.5mL vial using a micropipette, and the solvent was
removed using a nitrogen stream. The vial was then capped and stored at -20 °C until
analyzed

3.2.6 UHPLC-MS and accurate mass analysis
All mass spectrometers used in this dissertation were tuned and calibrated on a
regular basis to ensure accuracy of analysis. All HPLC-MS and accurate-mass
spectrometry were acquired on a ThermoScientific Q-Exactive High Resolution Accurate
Mass (HRAM) Orbitrap mass spectrometer equipped with a Nexera X2 UHPLC system
(Shimadzu Columbia, MD) and a heated electrospray ionization (HESI) source. All
samples were analyzed by UHPLC-MS on a Pinnacle DB C18 column 100 x 2.1 mm
with 1.9 μm particles (Restek Bellafonte, PA). Analysis using UHPLC include a total
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flow rate of 300 μL/minute using an acetonitrile: water mobile phase. The mobile phase
gradient program started at 20% acetonitrile: 80 % water, held constant to 2.5 minutes,
linearly increased to 95% acetonitrile:5% water at 12 minutes, held constant until 16
minutes and returned to starting conditions at 18 minutes and the acquisition stopped at
20 minutes. Spectra were acquired in the full scan, negative ion mode in a mass range
from m/z 150-1000 and a mass resolution of 140,000. To insure efficient negative ion
formation, aqueous ammonium hydroxide (10mM) was introduced post column through a
zero dead volume tee using a syringe pump operating at 10 μL/minute. The HESI
electrospray interface was operated at 280 °C in the negative ion mode with an
electrospray voltage of 3.0 kV and the inlet capillary was maintained at 280 °C. Targeted
tandem mass spectrometry was performed using Xcalibur Parallel Reaction Monitoring
(PRM) module with a normalized collision energy (NCE) of 20%. For syringaresinol
calibration curve (Figure 3.5), different concentrations were made using a mixture of
water and acetonitrile as the solvent (1:1). Oak extract samples resulting from the model
aging experiments obtained after extraction (section 3.2.5) were dissolved in the same
solvent composition before analysis. Whiskey samples were diluted two fold in water
before being transferred to autosampler vials, and 5 μL injections were used for analysis.
All UHPLC-MS experiments were carried out in triplicates except the model aging
experiment on untreated oak biomass which was done in duplicates.
3.3 Results and discussion
In this study, different commercial whiskey samples including six bourbon
samples, a Scotch whiskey sample, and an unaged spirit were analyzed using UHPLC
coupled to a Q-Exactive High Resolution Accurate Mass (HRAM) orbitrap mass
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spectrometer. Using the method presented in this study, a lignan, syringaresinol, was
characterized and quantified in all studied whiskey samples as a common chemical
compound regardless of the whiskey type. In the literature, the presence of this dimer has
been reported in many plants such as oak and grains, some of which are used for whiskey
production.100, 102-103 However, despite extensive chemical compositional studies on
bourbon whiskeys reported in literature, no observation of this lignan has been reported
in this alcoholic beverage so far. Herein, syringaresinol was identified and characterized
in all studied whiskey samples. In the next step, the origin of this dimer in whiskey was
investigated. We hypothesized that this lignan enters into the whiskey during barrel
maturation. To test this hypothesis, a series of experiments were designed and conducted
which will be discussed in detail later in this chapter.

3.3.1 Identification and characterization of syringaresinol in different commercial
whiskey samples
Initially, six commercial bourbon samples: Eagle rare, Bulleit, E Craig18, Elmer
T, Knob creek, LOTB and a scotch whiskey sample, Quinta Ruban, were separately
analyzed using UHPLC-MS according to the method described in section 3.2.6. Also, a
syringaresinol model compound was synthesized and analyzed for comparison.
Syringaresinol in different commercial whiskey samples was identified by comparison of
peak retention times and mass spectra to those of the synthesized syringaresinol standard.
Figure 3.3 shows the combined reconstructed ion chromatograms (RIC) of the studied
commercial whiskey samples compared to the reconstructed ion chromatogram of the
synthesized syringaresinol standard at m/z 417 analyzed in negative ion mode ([M-H]-).
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Interestingly, two isomers of syringaresinol at Rt = 5.7 min and Rt =6.0 min were
observed in all studied whiskey samples, one of which (Rt = 5.7 min) was the dominant
isomer and eluted at the same retention time as the standard. Comparison of the mass
spectra of the two isomers to the mass spectrum of the syringaresinol standard (Figure
3.4), along with accurate mass data (Table 3.1), further confirmed the characterization of
these two peaks as syringaresinol. This observation is consistent with a study by Smeds et
al. in which two different isomers of syringaresinol were observed upon analysis of
whole hemp seeds samples using HPLC.116
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Figure3.3 RIC of syringaresinol ([M-H]-, m/z 417) in (a) Eagle rare, (b) Bulleit, (c) E
Craig18, (d) Elmer T, (e) Knob creek, (f)LOTB, (g)Quinta Ruban (Scotch) commercial
whiskey samples, and (h) Syringaresinol standard
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Figure 3.4 Mass spectrum of the syringaresinol isomer peaks in the Eagle rare sample as
an example of whiskey at Rt = 5.7 min (top) , Rt = 6.0 min (middle), , and the
syringaresinol standard peak (bottom) analyzed in negative ion mode (m/z 417)
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Table 3.1 Accurate mass data at m/z 417 for Eagle rare bourbon as an example of
whiskey
Rt(min)

(-) ESI/ MS C22H25O8
-

Calc. m/z[M-H]

Obs. m/z[M-H]-

Error (ppm)

5.7

417.1544

417.1539

-1.1842

6.0

417.1544

417.1543

-0.3063
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3.3.2 Quantification
Syringaresinol quantities in the commercial whiskey samples were measured using an
external calibration curve (with relative standard deviations < 8%) depicted in Figure 3.5.
Figure 3.6 and Table 3.2 display each isomer’s concentration and the total
syringaresinol content (sum of two isomers) in each analyzed whiskey sample,
respectively. Of the whiskey samples analyzed, Eagle rare bourbon had the highest total
concentration of syringaresinol (6.7 μg mL-1). In contrast, Scotch whiskey, Quinta Ruban,
found to contain the lowest total syringaresinol content (0.81 μg mL-1) which is
significantly lower than syringaresinol content of any other studied bourbon whiskeys in
this work. The low amount of syringaresinol in the Scotch sample can be explained by
recalling the fact that unlike bourbon which must be aged in new charred barrels, Scotch
whiskey is aged in used (ex-bourbon) barrels that have possibly lost part of their chemical
composition including syringaresinol due to their previous extraction from wood into the
aging bourbon. This implies that syringaresinol originates directly from the oak wood
during maturation and the reason for its low concentration in the Scotch sample can be
attributed to the lower amounts of extractable syringaresinol left in the barrel wood upon
Scotch maturation.
Another interesting finding in this study is the syringaresinol isomer composition
of bourbon samples versus the Scotch sample analyzed. While the concentration of the
isomer at 5.7 min is only 3-4 times higher than that of the isomer at 6.0 min in all
bourbon samples, interestingly, in the Quinta Ruban Scotch sample, the concentration of
the isomer at 5.7 min was found to be about 15 times higher than that of the isomer at 6.0
min. According to the Glenmorangie company’s website
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(https://www.glenmorangie.com), the company where this type of Scotch whiskey is
produced, Quinta Ruban is aged in ex-bourbon barrels and subsequently is “finished” in
ex-Port casks from Portugal where Port, a type of wine is produced. It can be speculated
that maturation in port casks made of French oak wood as opposed to American oak
wood used in bourbon barrel manufacturing; along with environmental variations a
bourbon cask experiences during its long journey when transported from the US to
Scotland; climate of the destination country and the storage condition under which the
spirit is aged in the warehouse; all can potentially contribute to the observed difference in
syringaresinol isomer composition of the bourbon samples versus the Quinta Ruban
Scotch whiskey.
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Figure 3.5 Syringaresinol calibration curve
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Figure 3.6 Concentration of syringaresinol isomers in studied whiskey samples
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Table 3.2 Total syringaresinol content of each analyzed whiskey sample (sum of two
isomers)

Name

Quinta
Ruban

Total
Syringaresinol 0.81 ±0.12
concentration
(ug mL-1)

Bulleit

Knob
Creek

LOTB

E
Craig18

Elmer T
Lee

Eagle
rare

5.2±0.2

5.1±0.3

5.3±0.1

3.5 ± 0.2

3.9±0.06

6.7 ±0.09

113

3.3.3 Investigation of syringaresinol origin in whiskey
3.3.3.1 Based on comparison of syringaresinol content of different types of whiskey
In order to investigate the origin of syringaresinol identified in whiskey samples,
the concentrations of syringaresinol in bourbon samples that use new charred barrels for
maturation were compared to those in two other types of distilled spirit, a scotch sample
and a distillate that has not gone through maturation step in barrels. As discussed earlier,
the quantity of syringaresinol in the scotch sample was found to be significantly lower
than that in studied bourbon samples probably due to the previous extraction of
syringaresinol from the oak barrel into the bourbon leaving less extractable syringaresinol
in the oak wood during Scotch maturation in ex-bourbon barrels supporting the
hypothesis that barrel wood is the source of syringaresinol in whiskeys. To further study
this hypothesis, a distillate that has not been aged in barrels was also analyzed using the
same method. As mentioned before, for whiskey production, a mixture of grains is
fermented, followed by the distillation step and subsequent aging in barrels. Although the
presence of syringaresinol has been reported in several grains some of which are used as
a mash bill in whiskey production, no syringaresinol was detected in the unaged distillate
analyzed indicating this dimer does not carry over to the distillate and is only produced
during barrel maturation.
Finally, in order to further understand whiskey maturation, a model aging system
was designed in the laboratory to simulate bourbon maturation in barrels.
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3.3.3.2 Based on a model distillate aging system
For the model aging system, an unused charred oak stave shown in Figure 3.7 was used.
As can be seen in the picture, the interior of the stave is charred resulting from a fast
pyrolysis process and is composed of active carbon due to combustion. The adjacent
wood next to this layer is not charred but has been exposed to heat due to the charring
process. This part of the wood was milled to sawdust and used as the model substrate. A
50% ethanol solution in water was prepared as the model spirit. For the aging simulation
experiment, the ethanol solution as the model spirit was added to the stave sawdust as the
model substrate, and the aging simulation experiment was carried out at 100 °C in the
presence of hydrochloric acid as the catalyst in order to expedite the maturation process
in a reasonable time frame. The syringaresinol content of the model spirit was
subsequently quantified every 24 hours using UHPLC-MS for four days. The detailed
procedure of the aging simulation experiment was discussed previously in the “Material
and Method” section of this chapter.
Figure 3.8 displays the change in color of the model spirit over time. As can be
seen in the figure, as time passes, the model spirit’s color gets darker and darker, similar
to what happens in whiskey during barrel maturation which is due to the release of
chemicals from the wood into the solution or other reactions during maturation.
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Figure 3.7 Charred oak stave used as the model substrate in the model aging experiment
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Day0

Day1

Day2

Day3

Figure 3.8 Color change in the model spirit over time
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Day4

Results from the model aging experiment showed the presence of two
syringaresinol isomers similar to what was observed in the analyzed whiskey samples.
Figure 3.9 shows the concentrations of the two isomers monitored over time. The highest
amounts of syringaresinol were observed on day one of the model aging experiment, and
then the syringaresinol concentration started to decline which might be due to the
decomposition of syrinagresinol or other side reactions. Figure 3.10 presents the
reconstructed UHPLC-MS of the syringaresinol (m/z 417) in the model aging sample on
day one of the experiment versus that in the Eagle rare bourbon sample as an example of
whiskey for comparison. The two peaks at m/z 417 (Rt= 5.7 min and Rt =6 min) in the
model aging sample were then subjected to targeted tandem mass spectrometry (MS/MS),
and their fragmentation pattern were compared. The fact that these two precursor ions at
m/z 417 produced similar fragments ions upon MS/MS provided further evidence for the
characterization of these two peaks in the model aging experiment as two stereoisomers
of syringaresinol (Figure 3.11).
While data demonstrated the presence of two syringaresinol isomers in the model
aging sample similar to what was observed in the whiskey samples, however,
Interestingly, the ratio of these two isomers in the model spirit is entirely different from
that in the real whiskey samples. While in all of the analyzed whiskey samples the isomer
at 5.7 min is the dominant one, in the model spirit, the two syringaresinol isomers
appeared to have almost the same concentrations with 0.48 μg mL-1 for the isomer at 5.7
min and 0.50 μg mL-1 for the isomer at 6.0 min and this composition remains almost the
same during the four days of syringaresinol’s concentration monitoring. This might be
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due to the conversion of one isomer to the other or other complications under acidic
environment.
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Figure 3.9 Monitoring the concentrations of two syringaresinol isomers at Rt= 5.7 min
and Rt= 6.0 min during the aging simulation experiment on charred oak stave
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Figure 3.10 Comparison of the UHPLC-MS of syringaresinol (m/z 417) in the model
spirit resulting from the model aging experiment on day one, with that in the Eagle rare
as an example of whiskey sample
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Figure 3.11 Tandem MS/MS spectra of the isomer at Rt=5.7 min (m/z 417, top) and Rt=
6.0 min (m/z 417, bottom) on day one of the model aging experiment
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3.3.4 Effect of charring on the syringaresinol content
Another aging simulation experiment was also carried out under the same
condition but with one difference. This time untreated oak biomass milled to sawdust was
used instead of thermally-treated (charred) barrel sawdust. Subsequently, syringaresinol
concentration resulting from the model aging experiment on the untreated oak biomass on
day one was compared to the experiment on the charred barrel sawdust to investigate
effect of charring. Results from the experiment showed that lower amounts of
syringaresinol was found in the model aging experiment when untreated oak sawdust was
used, demonstrating that thermal treatment of oak wood in barrel production leads to
higher amounts of extractable syringaresinol, which later finds its way into the bourbon
during maturation time. This observation is in line with a previous finding which has
shown that thermally-treated wood contains higher concentrations of extractable
syringaresinol.117 Table 3.3 summarizes the syringaresinol content of the model spirit on
day one of the model aging experiment on the charred barrel sawdust (Thermally-treated
wood) and syringaresinol content of the model spirit on day one of the model aging
experiment when the thermally-untreated oak sawdust was used as the model substrate.
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Table3.3 Amounts of syringaresinol on day one of the model aging experiment

Oak wood type

Isomer at 5.7min
(ug mL-1)

Isomer at 6
min
(ug mL-1)

Total
syringaresinol
(ug mL-1)

ug
/100mg of
wood

Charred stave

0.48 ± 0.04

0.50 ± 0.06

0.98 ± 0.1

Untreated biomass

0.30 ± 0.04

0.36 ± 0.02

0.65 ± 0.06

32.56
±3.3
21.57±
2.2
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3.4 Conclusion
In the present chapter, different commercial whiskey samples including six
different bourbon whiskeys and one Scotch whiskey were analyzed using UHPLC-MS
and a lignan, syringaresinol, was identified in all analyzed samples as a common
chemical compound. Here, For the first time, the presence of syringaresinol in whiskey
samples was unambiguously characterized using an authentic synthesized model
compound and accurate mass data. Interestingly, two stereoisomers of syringaresinol
were detected in all samples, which was hypothesized that entered into the distillate
during whiskey maturation in barrels. A model distillate aging system was designed in
the laboratory to test this hypothesis. Results obtained from the model aging experiment
suggested that syringaresinol in whiskey samples originates directly from the barrel wood
during the aging process. Results from comparison of the syringaresinol quantities in
bourbon samples which are aged in new oak barrels to a Scotch whiskey sample aged in
ex-bourbon barrels, as well as comparison to an unaged distillate, further supported the
hypothesis that syringaresinol is only produced during barrel maturation and the possible
presence of this compound in mash bill does not contribute to the syringaresinol content
of whiskeys. In addition, The fact that syringaresinol was identified in all studied
bourbon samples indicates its presence to be independent from variations found in
bourbon manufacturing.
The findings of this study shed light on a better understanding of whiskey
composition and can potentially facilitate distinguishing of fraudulent whiskeys from
authentic ones. Moreover, understanding the chemistry of whiskey can be of great benefit
to producing high quality products efficiently. Further research in our group is currently
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being done to study chemistry of oak wood. In future studies, an exciting area of research
can be studying the relationship between the aging duration and syringaresinol contents
in aged distillates and the potential contribution of syringaresinol in the sensory profile of
whiskeys.
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CHAPTER 4. Developing a mild ethanosolv extraction for GC-MS analysis of
lignocellulosic biomass

Parts of this dissertation chapter are taken from: Masoumeh Dorrani, Poorya Kamali, Poornima
R. Sunder, Kimberly R. Dean, Bert C. Lynn “A Straightforward GC-MS Method for the Analysis
of Lignin Compounds: The Characterization of Synthetic β-O-4, β-β, and β-5 Dimer Models and
Application to Organosolv Lignin”, In-progress

4.1 Introduction
Lignocellulosic biomass mainly consists of cellulose, hemicellulose, and lignin;
and has emerged as a promising renewable feedstock for the production of biofuels and
value-added chemicals.118-120 For example, the lignin fraction is a source of aromatic
compounds and has the potential to be processed into bio-derived materials as a
sustainable alternative to petroleum in many industries, which has generated a great deal
of interest in the lignin polymer. The hemicellulose part can be converted to compounds
such as furfural with applications in the fabrication of inks, plastics, adhesives, and
pharmaceuticals.121 The cellulose part of the biomass has an excellent potential for
producing bio-ethanol, butanol, and lactic acid in biorefinery systems.122 Analytical
techniques have also been developed to extract lignans, a type of extractives in
lignocellulosic biomass, due to their valuable properties. Syringaresinol and lyoniresinol
are examples of the lignans that have been successfully extracted from wood samples.123124

Hence, there has been much effort on separation (fractionation) and characterization

of the components of lignocellulosic biomass for their potential applications in producing
value-added products.125-127
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Organosolv pretreatment of biomass is one of the effective methods used for the
separation of recalcitrant lignocellulosic biomass into cellulose, hemicellulose, and
lignin, and was first studied in 1893 by Klason in order to fractionate wood into its main
components.122 Nowadays, a conventional organosolv treatment is defined as a method in
which an organic solvent (30 -70 %) is used in the presence or absence of a catalyst to
dissolve lignin and hemicellulose in order to fractionate the lignocellulosic biomass.128-129
The lignin part can be isolated from the hemicellulose in the next step by adding large
amounts of water, leading to the precipitation of highly-pure lignin. Subsequently, the
isolated lignin can undergo further treatments to deconstruct it into valuable phenolic
compounds particularly phenolic monomers (lignin valorization). Nevertheless, lignin
valorization is still in its early stages toward the ultimate goal of effective
deconstruction/conversion of lignin into value-added chemicals. Other important biomass
fractionation techniques include Kraft, sulfite, and soda processes. Unfortunately, both
Kraft and sulfite processes produce sulfur-containing lignin and harmful wastes. The
organosolv fractionation, on the other hand, has the advantages of a facile recovery of the
organic solvent and being very environmentally friendly making organosolv pretreatment
an attractive technique for biomass fractionation.127-128, 130
It should be noted that all biomass fractionation techniques change the “native”
structure of lignin more or less by breakage of some linkages and formation of new
chemical bonds, depending on the fractionation technique type and its severity.
Unfortunately, most of the organosolv pretreatment techniques are carried out under
harsh conditions leading to the breakage of C-O bonds in lignin and the formation of C-C
bonds (lignin condensation). A condensed lignin sample is hard to depolymerize and
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hence, unsuitable for lignin valorization. To date, fractionation techniques in biorefinery
industries have been primarily focused on biomass fractionation for the aim of extracting
(hemi) cellulose to convert it to valuable products such as biofuel leaving a highlycondensed lignin as a by-product which is burned chiefly as a heat source.
Recently, attention has been focused on “lignin first strategies” in which lignin in
biomass in its native form is subjected to catalytic depolymerization leading to the
formation of highly valuable phenolic compounds.9, 131 This strategy mainly targets C-O
bonds in lignin which are considered the most reactive linkages in lignin.132
Referring to Chapter 3 of this dissertation, a mild ethanol organosolv (ethanosolv)
treatment of oak biomass was developed using hydrochloric acid as a catalyst. This study
was inspired by the bourbon aging process in oak barrels where the distillate (mainly
composed of ethanol and water) is kept for a certain time, leading to the extraction of oak
compounds into the distillate. Observation of syringaresinol, an important lignan, in the
oak ethanosolv sample in Chapter 3 motivated us to further investigate the possible
presence of other low molecular weight phenolic compounds resulting from the
developed ethanosolv treatment on oak biomass using GC-MS analysis. we then
expanded the application of the developed biomass ethansolv treatment to study the
composition of herbaceous lignocellulosic biomass, which has been rarely studied in the
literature.128
Biomass treatment techniques reported in the literature have been mainly focused
on fractionation and depolymerization of biomass, mostly under harsh conditions and in
the presence of complex catalysts, followed by an intensive characterization of isolated
lignin using different analytical techniques.131, 133-136 Although these studies are of great
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importance in terms of finding highly effective methods for the separation and
deconstruction of lignin into phenolic compounds for valorization applications, there is
the lack of a straightforward and facile approach for a fast analysis and comparison of
different lignocellulosic biomass samples. Analysis of different lignocellulosic feedstocks
can be of great importance for valorization applications, especially when it comes to
selecting a biomass feedstock for the extraction of a compound of interest.
Herein, a combination of a mild organosolv treatment and a GC-MS method for
degradation and structural analysis of lignocellulosic biomass is presented in which a
variety of phenolics with free OH groups were produced and detected. Compounds with
free phenolic OH groups are highly favorable as they have applications as natural
antioxidants.137 The present methodology for analyzing and comparing biomass samples
is micro-scale and easy to set up, which can be carried out in any conventional chemistry
laboratory with a GC-MS instrument.

4.2 Materials and methods
4.2.1 Chemicals
Phosphoric acid and hydrochloric acid were obtained from Fisher Scientific
(Hampton, NH). N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA), syringaldehyde,
and pyridine were supplied by Sigma Aldrich (St. Louis, MO). Ferric chloride was
provided from Alfa Aesar (Ward Hill, MA, USA). S-( β-βʹ)-S dimer (syringaresinol) was
synthesized by FeCl3-catalyzed radical coupling of the respective monolignols as
previously described in Chapter 2 with some modification.62
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4.2.2 Ethanosolv treatment
Milled switchgrass biomass (~2 mm particle size) was obtained from Michael
Montross Laboratory (University of Kentucky, Lexington, KY, USA) and milled oak
biomass was obtained from Independent Stave (Lebanon, KY) for the ethanosolv
treatment. Prior to the treatment, the biomass samples were washed with water, acetone,
and chloroform, respectively, to remove non-structural extractives from biomass and then
the samples were air-dried. Ethanosolv was performed by adding 5 mL of a 1:1 solution
of ethanol: water and either 100 μL phosphoric acid or 50 uL HCL to 300 mg extractivefree biomass in a vial. The vial was sealed and placed in an oil bath at 100 °C and stirred
for 1 or 3 days. The vial was then removed from the oil bath at the desired time point,
cooled to room temperature, and the biomass was extracted with water and chloroform as
follows.
After ethanosolv treatment, the liquid fraction containing the solubilized
phenolics was separated from the biomass residue using centrifugation, and solvent
extraction was completed using chloroform and water. The organic fraction was
collected, and solvent was evaporated. The sample was derivatized using BSTFA
according to section 4.2.3 and subjected to GC-MS analysis. The reproducibility of the
extracted structures resulting from the ethanosolv treatment was confirmed by performing
the ethanosolv experiments in at least duplicate for each biomass sample.

4.2.3 GC-MS
All mass spectrometers used in this dissertation were tuned and calibrated on a
regular basis to ensure accuracy of analysis. The GC-MS analysis was conducted on an
Agilent 5973 MSD equipped with HP 6890 GC and HP 7683 injector controlled by
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ChemStation D.03.00611. A DB-5HT (Agilent Santa Clara, CA). A GC column with
15m length, internal diameter of 250 μm and film thickness of 0.1μm was used. The
injector temperature was set to 250 °C. The oven temperature was set at 100 °C and held
for 3 minutes, then ramped at 15 °C/min to 280 °C and held for 10 minutes for a total
method time of 25 minutes. An injection split ratio of 50:1 was used for analysis.
For GC-MS analysis, the model compounds and the ethanosolv extracts were
derivatized with 50 μL of a 1:1 solution of pyridine and BSTFA. Subsequently, the
sample was heated at about 50 °C for 20 minutes to encourage complete derivatization
before injection.
4.3 Results and discussion
Herein, a mild and micro-scale ethanosolv treatment combined with a GC-MS
method for biomass degradation and subsequent identification of the resultant ligninderived phenolics is presented. This method can assist researchers in detecting lignin in
biomass samples and also comparing the chemical composition of different biomass
samples in a straightforward and economically viable manner. Switchgrass and oak wood
were selected as examples of herbaceous lignocellulosic biomass and hardwood,
respectively. It is noteworthy to mention that hardwood lignin mainly consists of S and G
monomer units, whereas herbaceous lignin contains all three lignin monomers (H, G, S)
in significant amounts.138 To degrade recalcitrant biomass and release phenolic
compounds, lignocellulosic samples were treated with 50% ethanol in the presence of an
acid as the catalyst.
Figure 4.1 depicts the ethanosolv treatment developed in this work to identify low
molecular weight phenolics. The developed ethanosolv procedure was described in
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section 4.2.2 in detail. Ethanol as a green organic solvent is cheap, easy to recover, and is
the most commonly utilized low boiling point solvent in organosolv
treatment/pretreatment of lignocellulosic biomass.139
A few optimization experiments were conducted before selecting 50% as ethanol
concentration, and 100 °C as the treatment temperature:
As for the temperature parameter, the organosolv treatment was carried out at
both 80 °C and 100 °C. The biomass treatment at 100 °C led to a higher number of peaks
and peak intensities upon GC-MS analysis, implying an effective/sufficient biomass
degradation. Hence, 100 °C was chosen as a temperature at which the organosolv
treatment was carried out.
The effect of ethanol concentration was then investigated by conducting
organosolv treatment with 50% and 80% ethanol solution, respectively. Treatment of
biomass with 50% ethanol led to a satisfactory number of peaks and intensities while
using 80 % ethanol did not result in many detectable peaks on GC-MS. Consequently, 50
% ethanol was selected for organosolv treatment of biomass. This observation is in line
with previous studies that showed lower ethanol concentrations led to lower molecular
weight lignin fragments, whereas using higher concentrations of ethanol solubilized
lignin without deconstruction.139
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Figure 4.1 Schematic of organosolv treatment developed in this work for the GC-MS
analysis of low molecular weight degradation products
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4.3.1 Ethanosolv treatment of switchgrass as an example of herbaceous biomass
Figure 4.2 depicts the GC-MS total ion chromatogram of switchgrass biomass
after ethanosolv treatment indicating a complex mixture. EI-mass spectrometry was used
for the putative identification of resultant phenolics after treatment. Additionally,
Authentic model compounds were used for an unambiguous characterization of the
monomers syringaldehyde and ethyl ferulate, and the dimer syringaresinol. Figure 4.3
shows the total ion chromatogram of these three model compounds analyzed by GC-MS.
Syringaldehyde, ethyl ferulate and syringaresinol standard appeared at Rt = 6.3 min, Rt =
8.6 min and Rt = 16.3 min, respectively. (EI-MS of the silylated syringaldehyde and ethyl
ferulate standard model compounds can be found in Appendix 2).
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Figure 4.2 GC-MS total ion chromatogram of ethanosolv treated switchgrass sample
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Figure 4.3 GC-MS total ion chromatogram of the equal amounts of syringaldehyde (2),
ethyl ferulate (7), and syringaresinol (9) standards (the small peak at ~ 8min is due to the
presence of impurity upon synthesis of ethyl ferulate)
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Figure 4.4 and Table 4.1 display the chemical structures of identified compounds
in the ethanosolv sample; and their corresponding molecular weights and retention times,
respectively. The main identified compounds in the switchgrass sample include highvalue monomers vanillin (1), syringaldehyde (2), ethyl p-hydroxybenzoate (3), ethyl
vanillate (4), ethyl cumarate (5), p-coumaric acid (6), ethyl ferulate (7), and ferulic acid
(8); and the dimer syringaresinol (9); with ethyl cumarate (5) being the most abundant
compound followed by p-coumaric acid. This is consistent with previous studies where pcoumaric acid was reported as an abundant compound in herbaceous biomass.131
The identified low molecular weight compounds have been previously reported as
the constituents of lignin that can be inside of the bio-polymer (“in” the lignin), or as
pendants attached to lignin (“on” the lignin).131, 135, 140-141 For example, p-coumaric acid
and ferulic acid have been reported as pendants attached to lignin through ester or ether
linkages in herbaceous biomass.131, 140 Similarly, p-hydroxybenzoic acid has been
reported as a pendant attached to the lignin polymer through side chains, as a free
phenolic moiety. Consequently, it can be readily cleaved off from lignin.141
The observation of ethyl esters in the ethanosolv switchgrass can be attributed to
the presence of ethanol as the solvent which can react with p-hydroxybenzoic acid,
ferulic acid, p-coumaric acid, and vanillic acid leading to the formation of corresponding
ethyl esters. This is in line with previous observations in which the presence of ethanol as
the solvent had led to ethoxylation of p-coumaric and ferulic acid.142
Very interestingly, syringaresinol which comprises two S monomers attached via
a β-βʹ bond linkage, is the only lignin dimer observed in the ethanosolv biomass with a
good intensity. The presence of resinols (β-βʹ dimers) has been reported both “inside” the
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lignin polymer and also as a lignan in many plant species.104-105, 140 Since the organosolv
method developed in this study is a mild approach, and no other types of lignin dimers
(β-O-4’, β-5’) or oligomers were detected in the ethanosolv sample as the degradation
products, it can be speculated that the syringaresinol dimer observed in the ethanosolv
sample is highly likely due to its presence in the lignan form rather than being inside the
polymer structure of the lignin. Consequently, syringaresinol can be readily released from
the plant matrix under the mild ethanosolv treatment.
It should be noted that while most of the phenolics identified in this study have
been reported in the literature as pendants to lignin polymer and can be readily clipped
off, syringaldehyde and vanillin are two monomers that are considered as lignin
constituents and inside the polymer chain. Hence, the observation of syringaldehyde and
vanillin in this study might imply that the two monomers are located at the beginning of
the polymer chain and are readily cleaved off from the lignin chain upon the mild
ethanosolv treatment.
Figure 4.5 shows EI-MS spectra of silylated ethyl p-hydroxybenzoate (3), ethyl
cumarate (5), and syringaresinol (9) as examples of the phenolics identified in the
switchgrass sample.
Mass spectra of the rest of phenolics identified in the switchgrass sample can be found in
Appendix 3-8 of this dissertation.
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Figure 4.4 Chemical structures of identified monomers and dimers in their silylated form
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Table 4.1 Chemical formula, molecular weight, and corresponding retention time of
identified compounds in ethansolov switchgrass sample
Chemical compound

Chemical formula

Molecular weight
(silylated form)

Retention time
(min)

Vanillin (1)

C8H8O3

224

4.71

Syringaldehyde (2)

C9H10O4

254

6.29

Ethyl p-hydroxy
benzoate (3)
Ethyl vanillate(4)

C9H10O3

238

3.35

C10H12O4

268

5.00

Ethyl coumarate (5)

C11H12O3

264

7.55

p-coumaric acid (6)

C9H8O3

308

8.05

Ethyl ferulate (7)

C12H14O4

294

8.61

Ferulic acid (8)

C10H10O4

338

9.03

Syringaresinol (9)

C22H26O8

562

16.30
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Figure 4.5 EI-MS of some of identified compounds in the switchgrass sample: Ethyl phydroxybenzoate (3), M•+ = 238 (top); ethyl cumarate (5), M•+ = 264 (middle);
syringaresinol (9), M•+ = 562 (bottom); all in their silylated form
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4.3.2 Ethanosolv treatment of oak biomass as an example of hardwood
The developed treatment was also applied to an oak biomass sample as an
example of hardwood. The identified degradation products were then compared to those
of switchgrass sample discussed in section 4.3.1.
Figure 4.6 displays the GC-MS total ion chromatogram of the oak biomass after
ethanosolv treatment (top), and the total ion chromatogram of the syringaresinol standard
(bottom). The oak sample showed a higher abundance of syringaresinol after the
ethanosolv treatment compared to the switchgrass sample. This is probably due to the fact
that oak as hardwood is rich in S units. On the other hand, H monomers: ethyl phydroxybenzoate (3), ethyl cumarate (5), and p-coumaric acid (6) were not detected in
the oak sample, which might be due to the low abundancy of H units in hardwood. Unlike
the switchgrass sample which showed ethyl cumarate (5) as the most abundant peak, the
most abundant peak in GC-MS of the oak sample was syringaldehyde (2) which can be
again rationalized by the fact that hardwood is rich in S units.
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Figure 4.6 GC-MS total ion chromatogram of the oak biomass after ethanosolv treatment
(top), and syringaresinol standard (bottom)
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4.4 Conclusion
This chapter presented a mild and micro-scale organosolv treatment of
lignocellulosic biomass combined with a GC-MS method for biomass degradation and
subsequent characterization of low molecular weight lignin-derived compounds. Two
different biomass samples, switchgrass as an example of herbaceous biomass and oak as
an example of hardwood, were examined using the developed process. An organic oil
rich in phenolics was obtained after the treatment and subsequently introduced to the GCMS after derivatization with BSTFA/pyridine, to characterize the phenolic degradation
products resulting from the treatment. Analysis of the ethanosolv samples indicated the
presence of a number of high-value phenolic monomers. In the switchgrass sample, ethyl
cumarate was identified as the most abundant compound. In contrast, in the oak sample,
syringaldehyde was observed as the most abundant peak upon GC-MS analysis.
Interestingly, a lignan, syringaresinol, was also characterized in both biomass samples as
the most abundant lignin-derived dimer compound, with oak biomass having a higher
amount of this lignan based on the relative abundances. Most of the observed phenolics
in this study have been previously reported as pendants to lignin polymer through ester
and ether bonds indicating the mild treatment developed in this work mostly affects the
lignin-bound phenolics rather than deconstruction of the lignin chain into monomers as it
requires high temperatures and pressures.
The ethanosov treatment, in combination with the GC-MS method presented in
this chapter is a straightforward and environmentally-friendly process that enables the
detection of lignin and a fast compositional screening of lignocellulosic biomass.
Conventional study of lignin reported in the literature includes a fractionation
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pretreatment such as organosolv (usually under harsh conditions) followed by
precipitation of lignin by dilution with large amounts of water, collecting lignin, drying,
and a further treatment of lignin in order to deconstruct it into monomers for GC-MS
analysis. Although such protocols provide extensive information on the structure of the
lignin/biomass, especially in combination with other analytical techniques such as NMR
and GPC, a fast-screening and non-tedious process using conventional laboratory
apparatus for a cost-effective analysis of lignocellulosic biomass would be beneficial
specially when a fast comparison between different types of biomass is favorable. An
example would be the selection of suitable feedstocks with compound(s) of interest for
valorization applications.
The presented ethanosolv method still has a potential for further optimization
such as examining different catalysts and organic solvents in order to increase the yield of
the decomposition products. Although the present study mostly focused on the qualitative
comparison of phenolics produced from switchgrass biomass versus oak biomass during
the proposed ethanosolv treatment, extending this study to quantitative analysis of
different phenolic compounds resulted from the developed biomass treatment would also
be interesting. It would also be interesting to expand this study to softwood biomass
which has been reported to contain high amounts of G units, and compare the resultant
degradation products to those of herbaceous and hardwood biomass already studied in
this work. Further studies are currently being carried out in our research group in order to
study lignocellulosic biomass using the method introduced in this chapter.
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CHAPTER 5. Developing semi-synthetic methods for the production of plant-based
lobinaline derivatives and their mass spectrometric analysis for drug discovery studies
5.1 Introduction
5.1.1 The dilemma of extracting plant alkaloids
As mentioned in Chapter 1, alkaloids are a group of plant secondary metabolites
with at least one nitrogen atom in their structure. Nearly 20% of plant species contain
alkaloids.143 Significant efforts have focused on extracting these low abundance organic
compounds from plants due to their potential applications as therapeutic compounds or as
precursors for drug development.22, 144 However, the development of extraction
techniques and subsequent extraction of alkaloids from plants is a time-extensive and
tedious process, and only minuscule amounts of the pure alkaloid of interest would be
obtained even after successful extraction. The low extraction yield of alkaloids is
particularly an enormous burden in the prospect of plant-based drug discovery and
development. This is because a significant amount of pure extracted alkaloid is usually
required for different stages of drug discovery and development. Among these stages are
structure elucidation and in vitro assays, followed by clinical studies which usually
require high quantities of the alkaloid drug candidate, and finally, the commercialization
step which happens only after the prospect of all the previous drug development stages.
In order to address alkaloids’ low extraction yield issue, efforts have been focused on
strategies such as plant genetic modification for the goal of overproducing the alkaloid of
interest by the plant; or the development of semi-synthetic methods for the synthesis of
the alkaloid(s) of interest. It is noteworthy to mention that the chemical synthesis of many
alkaloids from scratch is usually highly challenging as many of plant alkaloids are highly
complex molecules.
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Lobelia cardinalis, a.k.a cardinal flower (Figure 5.1), belongs to the bellflower
family and is a flowering plant native to the Americas. The major alkaloid in this plant is
called Lobinaline (decahydro-1-methyl-5,7-diphenyl-6-(3,4,5,6-tetrahydro-2- pyridinyl)quinoline, C27H34N2) which is a complex bi-nitrogenous alkaloid (Figure 5.2). A
pharmaceutical company, Naprogenix LLC (Lexington, Kentucky, USA) has recently
discovered that lobinaline (LOB) alkaloid extracted from Lobelia cardinalis has
inhibitory effect on the human dopamine transporter protein (hDAT) which is the
molecular target in substance use disorder (SUD) treatment. 145-147 The inhibitory activity
of lobinaline is of great importance considering the fact that currently more than 20
million Americans suffer from substance use disorder, a condition that is hard to treat.148
Very recently, a novel alkaloid in the Lobelia Cardinalis was discovered by
Naprogenix Inc. with lower abundancy compared to lobinaline but with a significantly
higher inhibitory effect on hDAT.147 This novel alkaloid was successfully extracted from
the plant matrix using a multiple-step extraction technique, and was characterized by
tandem mass spectrometry as Lobinaline mono N-oxide ( C27H34N2O, molecular weight
=402) with an oxygen atom attached to one of the two nitrogens on the lobinaline
molecule. (Figure 5.2) 147, 149
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Figure 5.1 Lobelia cardinalis
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Figure 5.2 Chemical structure of lobinaline, the major alkaloid in Lobelia Cardinalis and
the recently discovered alkaloid lobinaline mono N-oxide
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5.1.2 Chemistry of N-oxides
“N-oxides” are generally referred to the compounds with an N-O bond in which
the nitrogen atom has a hybridization of either SP3 or SP2. 150 In such compounds, an
oxygen atom is datively (and not covalently) attached to a nitrogen atom due to the
nitrogen sharing a lone pair with the oxygen (Figure 5.3 ).150 Due to the lack of the
nitrogen lone pair in N-oxides, the nitrogen atom does not undergo inversion. Instead, the
nitrogen atom in tertiary amine N-oxides is SP3-hybridized with a tetrahedral geometry
and hence can be a chiral center if all substituents attached to the nitrogen are different
(Figure 5.3).
Amine N-oxides were first reported by Pinner and Wolffenstein at the end of the
19th century.151 Later, in 1939, the first X-ray structure of trimethylamine
oxide,(CH3)3NO, revealed the tetrahedral geometry of tertiary amine N-oxides.152
The dative bond between the nitrogen and oxygen atom in N-oxides is known to
have one of the largest dipole moments among all functional groups leading to the unique
characteristics of N-oxides:
N-oxides are considered as Brönsted bases due to the presence of negatively
charged oxygen in their structure, which can easily accept a proton (H +). They can also
participate in hydrogen-bonding interactions as acceptors. At the same time, N-oxides
can be considered as Lewis bases as the negatively charged oxygen can donate its lone
pairs to Lewis acids with empty orbitals. Hence, N-oxides have a tendency to form
complexes with metals. Nevertheless, N-oxides are weaker bases compared to their
parent amines.150
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Figure 5.3 (Top): Schematic of an N-oxide bond in three different ways153, (Bottom):
General structure of a chiral tertiary amine N-oxides (R1,R2,R3 =C or H ,R1 ≠R2≠R3)
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Due to the large dipole moment of the N-O bond and their tendency to be
involved in hydrogen bonding, N-oxides are usually highly soluble in water which has
important applications in industry.154 On the other hand, they have low solubility in nonpolar solvents.150 Some N-oxides have pharmaceutical applications. For example,
minoxidil, a pyrimidine N-oxide, is used to treat alopecia.155
The present study aimed to develop a semi-synthetic method, using lobinaline as
the starting material, to produce pure lobinaline mono N-oxide with high yields and with
the same structure as the natural mono N-oxide (Figure 5.2) discovered in L. cardinalis
for plant-based drug discovery applications. Moreover, semi-synthesis of other LOBbased oxides was also studied in order to synthesize potential lead compounds for drug
discovery. Liquid chromatography-mass spectrometry techniques were utilized to study
the reaction products; and to compare the semi-synthesized N-oxides to the plantextracted N-oxide.

5.2 Materials and methods
5.2.1 Materials
All reagents were used without further purification. Hydrochloric acid (1N) and sodium
hydroxide (1N), hydrogen peroxide (30%), methyltrioxorhenium (VII) and phenyl
boronic acid were purchased from Acros Organics (Fairlawn, NJ). Ammonium
bicarbonate was obtained from Alfa Aesar (Ward hill, MA). Chloroform (HPLC grade),
sodium sulfate, formic acid, sodium bicarbonate, optima water, acetonitrile and methanol
were purchased from Fischer Scientific (Fair lawn, NJ). Trichloroacetonitrile was
obtained from TCI (Portland, OR). Tetrahydrofuran was purchased from Sigma Aldrich
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(Billerica, MA). Dichloromethane was obtained from VWR analytical. Lobelia cardinalis
plant biomass (dried and ground) was provided by Naprogenix Inc. (Lexington,
Kentucky, USA). Lobinaline was extracted from the plant material according to Section
5.2.2.
5.2.2 Extraction of lobinaline (LOB) from plant material
Lobinaline extraction was performed using a method reported elsewhere.149 In
summary, 10 g of biomass was suspended in 400 mL methanol in an Erlenmeyer flask
and the mixture was stirred overnight. The suspension was then filtered using a porcelain
Büchner funnel and the filtrate was concentrated to about 50 mL by rotary-evaporation.
Subsequently, methanolic extract was transferred to a separatory funnel and was diluted
with 450 mL water and 25 mL HCl (1N). The solution was then extracted using 400 mL
chloroform. The organic layer was discarded, the aqueous layer was basified to PH=12
by addition of about 50 mL NaOH (1N) and then was extracted with chloroform.
Subsequently, the organic layer was collected, and the solvent was evaporated using
rotary-evaporation. About 100 mg lobinaline was obtained which was used for semisynthesis of N-oxides.

5.2.3 Semi-synthesis of Q-N-oxide (natural N-oxide)
A solution of 35% hydrogen peroxide (0.5 mL) in 2.5 mL deionized (DI) water
containing 10 mg ammonium bicarbonate (0.125 mmol) was made. The solution was
stirred for 15 mins using a stirring bar. Subsequently, the solution was added to lobinaline
(20 mg, 0.05 mmol), stirred at room temperature, and the reaction progress was
monitored over time using UHPLC-MS. Upon completion of the reaction (~ 5h), the
reaction solution was transferred to a separatory funnel to which 5 mL DI water and 5 mL
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chloroform was added. A few drops of NaOH (1N) was also added in order to increase
pH to around 12, then the reaction mixture was extracted three times and the organic
layer was collected and dried over sodium sulfate. The solvent was evaporated using
rotary-evaporation. Q-mono N-oxide (15 mg) was obtained as a light yellow oil (Figure
5.4a).
5.2.4 Semi-synthesis of LOB bi-N-oxide
A solution of 100 μL hydrogen peroxide (35%) in methanol (1mL) containing 5%
methylrhenium trioxide, was added to lobinaline (0.05mmol, 20mg ). The reaction
mixture was stirred at room temperature and the reaction progress was monitored over
time using UHPLC-MS. Upon completion of the reaction (~ 2 h), the reaction mixture
was transferred to a separatory funnel and 5 mL water and 5 mL chloroform was added.
A few drops of NaOH (1N) was also added in order to increase pH to around 12 and then
the reaction mixture was extracted three times and the organic layer was collected and
dried over sodium sulfate. The solvent was evaporated afterward using rotaryevaporation. LOB bi-N-oxide (~15 mg) was obtained as a brown oil (Figure 5.4b).

5.2.5 Semi-synthesis of PY-N-oxide
To 0.05 mmol LOB bi-N-oxide (21 mg) obtained in section 5.2.4 was added 0.05
mmol phenyl boronic acid (6 mg) and 300 μL THF. The reaction was stirred at 80 °C in a
sand bath overnight. The solvent (THF) was then removed using nitrogen stream and the
reaction mixture was extracted according to section 5.2.4. LOB PY-N-oxide (18 mg) was
obtained as a brown yellow oil (Figure 5.4c).
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(a)

(b)

(c)

Figure 5.4 (a) Synthesis of Q-N-oxide, (b) Synthesis of bi-N-oxide, (c) Synthesis of PYN-oxide
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5.2.6 UHPLC-MS analysis
All mass spectrometers used in this dissertation were tuned and calibrated on a
regular basis to ensure accuracy of analysis. All UHPLC-MS experiments were acquired
on a ThermoScientific Q-Exactive High Resolution Accurate Mass (HRAM) Orbitrap
mass spectrometer equipped with a Nexera X2 UHPLC system (Shimadzu Columbia,
MD) and a heated electrospray ionization (HESI) source. All samples were analyzed by
UHPLC-MS on a Kromacil Eternity XT C18 column (2.5 μm, 2.1x50 mm). All UHPLC
conditions include a total flow rate of 400 μL.min-1 using an acetonitrile containing 0.1%
formic acid (B) : water containing 0.1 % formic acid (A) mobile phase. The mobile
phase gradient program started at 5% B: 95 % A, held constant to 2.5 minutes, linearly
increased to 95% B: 5% A at 12 minutes, held constant until 16 minutes and returned to
starting conditions at 18 minutes and the acquisition stopped at 20 minutes. Spectra were
acquired in the full scan, positive ion mode in a mass range from m/z 150-1000 and a
mass resolution of 140,000. The HESI electrospray interface was operated at 280 °C in
positive ion mode with an electrospray voltage of 3.5 kV and the inlet capillary was
maintained at 350 °C.
For UHPLC-MS analysis, a solution of analyte with a concentration of 10-20 μg.
mL-1 in ACN: 0.1% formic acid (1:4) was made and introduced to LC-MS using an
autosampler.
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5.3 Results and discussion
5.3.1 Semi-synthesis of lobinaline mono N-oxide (Q-N-oxide)
The present study revolved around (1) developing a semi-synthetic method for the
synthesis of lobinaline N-oxide with a chemical structure similar to the structure of the
new alkaloid recently discovered in Lobelia cardinalis by Naprogenix Inc for
pharmaceutical studies. (2) Subsequent analysis of the reaction products using liquid
chromatography-mass spectrometric techniques and comparing the synthesized N-oxides
to the natural one extracted from the plant.
The alkaloid Lobinaline (LOB) mono N-oxide has demonstrated a great potential
as a therapeutic agent against SUD.147 Hence, large-scale production of this compound is
essential to facilitate further biological studies. There are several synthetic routes for Noxidation of different nitrogen-containing compounds reported in the literature. Peracids,
dioxiranes, and magnesium monophthalate are some of the reagents used for the Noxidation of tertiary amines.156
For the synthesis of LOB mono N-oxide, a synthetic method introduced by
Balagam and Richardson in 2008 was examined with several modifications.156 In that
study, a series of aliphatic amines was treated with a mixture of hydrogen peroxide and
bicarbonate to yield the corresponding N-oxides. Hydrogen peroxide produces water as
the only oxidant by-product and hence is an environmentally-friendly oxidant.
In order to synthesize LOB mono N-oxide, lobinaline (LOB), the major alkaloid
in Lobelia Cardinalis, was first extracted from the plant material according to Section
5.2.2.
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LOB molecule has two nitrogen atoms in its structure which can potentially
undergo N-oxidation: One nitrogen located on the “quinoline” ring with SP3
hybridization (Figure 5.2, marked in blue), and one on the “pyridine” ring and in the
imine form with a SP2 hybridization. (Figure 5.2, marked in red). In this work, we call
lobinaline mono N-oxide yielding from N-oxidation of the SP3-hybridized nitrogen atom
as “ quinoline mono N-oxide” or simply “Q-N-oxide” (Figure 5.5), and the lobinaline
mono N-oxide resulted from N-oxidation of SP2-hybridized nitrogen as “ Pyridine mono
N-oxide” or “ PY-N-oxide” (Figure 5.5).
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Figure 5.5 Possible structures of LOB mono N-oxide upon N-oxidation reaction: Q-Noxide (left) and PY-N-oxide (right)
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It is noteworthy to mention that in a LOB N-oxide molecule, the oxygen atom is
attached to the nitrogen through a dative bond leading to negatively-charged oxygen and
a positively-charged nitrogen. Nevertheless, the net charge of the molecule is zero, and
consequently, LOB N-oxide is considered a neutral molecule.
In order to synthesize lobinaline mono N-oxide, plant-extracted lobinaline was
treated with a solution of hydrogen peroxide and ammonium bicarbonate in water as the
solvent according to section 5.2.3, and the reaction progress was monitored over time
using UHPLC-HRAM in positive ion mode. Figure 5.6 depicts formation of N-oxide
from lobinaline over time. Before introducing the oxidant solution to lobinaline, only a
very small amount of lobinaline mono-N-oxide ([M+H]+= 403. 2740) was detected in the
extracted lobinaline sample which is due to the presence of miniscule quantities of mono
N-oxide as a minor alkaloid in the plant and was unintentionally extracted along with
lobinaline (The LC-MS of plant-extracted lobinaline before the start of N-oxidation can
be find in Appendix 9). As the oxidation reaction proceeds, the amount of lobinaline (Rt=
3.7 min, [M+H]+= 387.2796 ) decreases while the amount of LOB mono N-oxide (Rt=
4.2 min, [M+H]+= 403.2740) increases. As time goes on, besides formation of LOB
mono N-oxide, LOB bi-N-oxide ( Rt=6.12 min, [M+H]+= 419. 2690) also starts to form
slowly due to the presence of two nitrogen atoms in the lobinaline structure (Figure 5.6,
denoted by gray line). Finally, after about 5 hours, almost all the lobinaline has been
consumed and converted to mono N-oxide along with the formation of a minimal amount
of bi N-oxide as the by-product (Figure 5.6 and Figure 5.7). Hence, 5 hours was selected
as the optimum reaction time. (peak areas and normalized area counts upon monitoring
N-oxide formation can be found in Appendix 10).
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Figure 5.6 Monitoring N-oxide formation over time
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After determining the optimum time for mono N-oxidation of LOB, the
reproducibility of the synthesis was tested by doing the experiment in triplicate. Upon
completion of the reaction (5 hours) and subsequent work-up, the reaction mixture was
analyzed by UHPLC-MS. The normalized area counts of LOB mono N-oxide
([C27H35N2O]+, theoretical exact mass 403.2744, observed 403.2740, error = -1.0004 ppm
), LOB bi-N-oxide ([C27H35O2N2]+ , theoretical exact mass 419.2693, observed 419.2691,
error = -0.4063 ppm) and LOB ([C27H35N2]+, theoretical exact mass 387.2795, observed
387.2798 , Error = 0.9568 ppm) were calculated as 95.6% (±0.96) , 2.73% ( ±0.55) and
1.64% (±0.81) respectively, indicating an excellent conversion of lobinalaline to mono Noxide with the formation of a very small amount of bi-N-oxide as the by-product (Figure
5.7).
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Figure 5.7 Normalized area counts of lobinaline (m/z 387), mono N-oxide (m/z 403), and
bi-N-oxide (m/z 419) after 5 hours oxidation reaction analyzed in positive ion mode
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5.3.2 Comparison of the semi-synthesized mono N-oxide to the natural one

In the next step, the RIC and mass spectrum of the synthesized mono N-oxide at
m/z 403 analyzed in positive ion mode was compared with those of the natural N-oxide
extracted from the plant material by Zachary Kelley, a former member of the group
(Figure 5.8). The retention times and mass spectra of the synthesized mono N-oxide and
the natural mono N-oxide demonstrated a good compatibility indicating the successful
synthesis of LOB mono N-oxide with a structure similar to that of N-oxide found in the
plant material. Interestingly, in the RIC of both synthesized mono N-oxide and natural
mono N-oxide, two isomers at Rt = 4 min and Rt = 4.3 min were observed with the peak
at Rt= 4.3 min being the dominant isomer in both synthesized and natural N-oxide. This
observation can be rationalized considering the fact that the SP3-hybridized nitrogen atom
in Q-mono N-oxide is a chiral center resulting in the formation of two isomers upon Noxidation. Figure 5.8 also shows the mass spectrum of the synthesized mono N-oxide
versus the mass spectrum of the natural mono N-oxide analyzed in positive ion mode.
Both synthesized and natural N-oxides display two signals at m/z 403 and m/z 202
corresponding to the singly-charged ([M+H]+, z=1) and doubly-charged mono N-oxide
([M+2H]+, z=2) respectively.
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Figure 5.8 Comparison of RICs (top) and mass spectra (bottom) for the semi-synthetic
mono N-oxide synthesized in this study and the natural mono N-oxide extracted from the
plant material
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5.3.3 Synthesis of lobinaline bi-N-oxide
Although in section 5.3.1 a nearly complete conversion of lobinaline to the
corresponding mono N-oxide was successfully achieved using a H2O2/bicarbonate
mixture, a few alternative synthetic routes for N-oxidation of lobinaline were also
examined for comparison. Table 5.1 shows other N-oxidation reactions examined in this
study and their corresponding products and yields. In one of the experiments, lobinaline
was reacted with hydrogen peroxide in methanol as the solvent and in the presence of
small quantities of methyltrioxorhenium (CH3ReO3) as the catalyst. This synthetic
approach was adopted from a report in which para-substituted N,N-dimethylanilines were
oxidized to the corresponding N-oxides with 85-92% yield, using hydrogen peroxide and
catalytic amounts of methyltrioxorhenium.157
Interestingly, after just two hours of N-oxidation reaction at room temperature,
UHPLC-MS analysis indicated a nearly full conversion (~95%) of lobinaline to the
corresponding bi-N-oxide ([C27H34O2N2+H]+, Rt=6.10 min, theoretical exact mass
419.2693, observed 419.2690, Error = -0.7702 ppm) with no formation of mono N-oxide.
Figure 5.9 and 5.10 depict RIC and the mass spectrum of the synthesized bi-N-oxide,
respectively. The proposed mechanism of bi-N-oxidation of lobinaline using rhenium
catalyst is shown in Figure 5.11. Methyltrioxorhenium is first converted to peroxide in
the presence of hydrogen peroxide. Two oxygens are then transferred to the lobinaline
from the rhenium peroxide, producing LOB bi-N-oxide in high yields. The addition of
the two oxygen atoms to lobinaline through the nucleophilic attack of nitrogen atoms on
the oxygens of rhenium peroxides is slow and probably the rate-determining step in this
synthesis.157
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Table 5.1 Other examined reaction conditions for oxidation of LOB
Number Reaction condition
1
H2O2 , THF, r.t., 5h

2

3

LC-MS analysis
bi N-oxide (m/z 419) 1%,
mono N-oxide (m/z 403)
88%, LOB (m/z 387)11%

trichloroacetonitrile/H2O2/NaHCO3 bi-N-oxide (m/z 419)
THF, r.t., 5h
75%,
mono N-oxide(m/z 403)
25%, LOB 0.5%
H2O2,CH3ReO3, CH3OH, r.t., 2h
bi-N-oxide (m/z 419)
95%, LOB 5%
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reference
-

158

157

Figure 5.9 RIC of bi-N-oxide (m/z 419) resulted from Re-catalyzed oxidation of
lobinaline
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Figure 5.10 Mass spectrum of bi-N-oxide (m/z 419) resulted from Re-catalyzed oxidation
of lobinaline
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Figure 5.11 Proposed mechanism for LOB bi-N-oxide formation using rhenium-based
catalyst
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5.3.4 Reduction of LOB bi-N-oxide
As the aim of this chapter of the present dissertation was initially to synthesize
and compare LOB mono N-oxide to the natural one extracted from the plant material,
literature was studied in order to develop a synthetic approach for the conversion of the
synthesized bi-N-oxide in Section 5.3.3 back to the LOB mono-N-oxide. This study
resulted in unexpected but interesting findings which will be discussed in further detail
below.
Gupta et al. in 2017 proposed a simple approach for deoxygenation of tertiary
amine N-oxides to the corresponding tertiary amines by phenylboronic acid.159 In order
to do so, they treated a variety of amine N-oxides such as N,N-dialkylaniline N-oxides,
trialkylamine N-oxides and pyridine N-oxide with phenylboronic acid using different
solvents, temperatures and reaction time depending on the substrate structure. Other
deoxygenation methods for converting N-oxides to the corresponding amines in the
literature include metal-containing reactions such as reduction using TiCl4/SnCl2 and
Zn/NH4Cl;160-161 or metal-free reactions using NaBH4, sulfur or phosphorus containingcompounds to name a few.162-164 Most of these synthetic methods suffer from using toxic
and expensive materials and harsh conditions. On the other hand, phenylboronic acid is
cheap and a green reagent with low toxicity. Additionally, it has no effect on functional
groups such as amides, esters and ketones which can reduce formation of undesired
compounds.159
Inspired by the work of Gupta et al., two experiments were designed for the
deoxygenation of LOB bi-N-oxide synthesized in Section 5.3.3 and the reduction
progress of bi-N-oxide was monitored over time by UHPLC-MS. In the first experiment
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(RXN A), LOB bi-N-oxide was reacted with phenylboronic acid at room temperature in
dichloromethane as the solvent. In the second one (RXN B), THF was used as the solvent
and the reaction was carried out at 80 °C. In order to obtain LOB mono N-oxide from biN-oxide, it is important to only have the loss of one oxygen atom from bi-N-oxide. Thus,
equimolar amount of bi-N-oxide and phenylboronic acid was used in both reduction
reactions. Analysis of the two reactions after 90 minutes indicated that conducting the
reduction reaction at room temperature in dichloromethane as the solvent (RXN A) did
not lead to a satisfactory result producing only 8% mono N-oxide (peak areas and
normalized area counts can be found in Appendix 11). On the other hand, conducting the
reduction reaction at a higher temperature (80 °C) in THF as the solvent (RXN B),
yielded about 85% mono N-oxide (403.2744, Figure 5.12 and Appendix 12). RXN B
was further optimized by increasing the reduction time from 90 mins to about 24 hours
resulting in the reduction of almost all the bi-N-oxide and an excellent yield of 97%
mono N-oxide ([C27H34ON2 +H]+, theoretical exact mass 403.2744, found 403.2736,
Error = -1.9085 ppm).
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Figure 5.12 Monitoring RXN B over time. Reaction condition: LOB bi-N-oxide (1eq),
phenyl boronic acid (1eq), THF, 80 °C.
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Comparison of the RICs of m/z 403 resulted from the reduction of LOB bi-Noxide, and the mono N-oxide (m/z 403) synthesized through oxidation of LOB in Section
5.3.1 revealed a significant difference: the peak retention time of the mono N-oxide (m/z
403) resulting from the reduction of bi-N-oxide appeared at Rt = 5-5.7 min while the
mono N-oxide resulted from LOB oxidation elutes earlier at Rt= 4-4.3 (Figure 5.13). It
can be rationalized that although both peaks share the same exact mass, since the
retention times are different, m/z 403 resulted from bi-N-oxide reduction has a different
structure from the mono N-oxide resulted from LOB N-oxidation. Since lobinaline has
two nitrogen atoms, it is speculated that the peaks appeared at Rt = ~ 5-5.7 min with the
same exact mass as Q-mono N-oxide corresponds to the other possible mono N-oxide
(PY-mono N-oxide) where the oxygen is located on the SP2- hybridized nitrogen of
lobinaline instead of SP3-hybridized nitrogen. This implies that upon reduction of bi-Noxide, the loss of oxygen from the nitrogen atom with SP3 hybridization is favored. This
is consistent with the fact that SP3 hybridization is less electronegative than SP2
hybridization and consequently has a longer bond facilitating the loss of oxygen atom
from the nitrogen with SP3 hybridization upon reduction reaction. A future work to
further test the hypothesis that loss of oxygen from SP3-hybridized nitrogen is favored
could be conducting a similar deoxygenation experiment using a bi-N-oxide with a
reduced double bond as the starting material.
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Figure 5.13 Comparison of RICs (top) and mass spectra (bottom) of m/z 403 resulted
from bi-N-oxide reduction to mono N-oxide (m/z 403) resulted from LOB oxidation.
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Figure 5.14 depicts a suggested mechanism for the deoxygenation of LOB bi-Noxide. In the first step, negatively-charged oxygen in N-oxide donates one of its lone
pairs to phenyl boronic acid as an electrophile leading to the formation of an unstable
amino-borate complex. Subsequently, a migration of phenyl group from boron to oxygen
of N-oxide occurs resulting in the loss of an oxygen from the nitrogen atom in bi-Noxide
and formation of mono N-oxide. The resulting boron complex is unstable and can further
undergo degradation in the presence of water to produce boric acid and phenol.

177

Figure5.14 Suggested mechanism for the deoxygenation of LOB bi-N-oxide
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After the successful synthesis and extraction of Q-N-oxide (96% pure) and PY-Noxide (97% pure), these two compounds were given to Naprogenix for testing their
biological activities. The results showed that the synthesized Q-mono N-oxide which
shares the same structure to natural N-oxide extracted from L. Cardinalis plant material,
have a similar inhibitory activity on human dopamine transporter as natural N-oxide. This
observation demonstrates the great potential of the developed semi-synthetic method as
an alternative to the extraction of N-oxide from the plant material, solving the limitations
associated with plant extraction techniques.
On the other hand, in-vitro analysis of the other synthesized N-oxide, PY-mono
N-oxide by Naprogenix, showed no significant inhibitory effect on hDAT. However, very
interestingly, in-vitro assays on this new compound, demonstrated a significant inhibitory
effect on human serotonin transporter instead, indicating the great potential of the
synthesized PY-N-oxide as a lead compound for drug discovery.

5.4 Conclusion
Two major burdens in plant-based drug discovery and development include low
abundancy of alkaloids in plants as well as complex and time-extensive extraction
techniques.

To address these two challenges, a semi-synthetic route for the synthesis of

“quinoline” lobinaline mono N-oxide (Q-mono N-oxide) was developed in the present
work in order to produce this plant alkaloid in high yields. UHPLC-MS using high
resolution mass spectrometry was used for monitoring formation of mono N-oxide over
time and confirming the successful synthesis of this compound. Comparison of the peak
retention time and exact mass of the synthesized Q-mono N-oxide with the natural one
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extracted from L. Cardinalis plant indicated that synthesized N-oxide shares the same
structure to the natural one. Subsequent biological assays conducted by Naprogenix Inc.
demonstrated an inhibitory activity of synthesized mono N-oxide on hDAT similar to
what was previously observed for plant-extracted mono N-oxide demonstrating the great
potential of the developed synthetic method for drug discovery and development.
In an alternative synthetic method, a regioselective addition of an oxygen atom to
the SP2-hybridized nitrogen atom on the lobinaline molecule was successfully developed.
Subsequent In-Vitro assays by Naprogenic on this new LOB mono N-oxide derivative
showed a significant inhibitory activity on human serotonin transporter demonstrating the
great potential of this new compound as a lead compound for drug discovery.
In this chapter of the present dissertation, synthetic methodologies for a
regioselective addition of oxygen to the alkaloid lobinaline was developed. The
introduced synthetic routes are very environmentally friendly, clean and convenient
producing the N-oxides of interest with a high yield with no need of further purification
making these synthetic approaches a great candidate for drug discovery and development.
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Chapter 6. Conclusion and future work

Plant-derived compounds such as lignin and small secondary metabolites have
shown a great potential as therapeutic agents, renewable sources of energy, and raw
materials for producing different value-added products. However, a few major challenges
need to be addressed to release this potential. The first step in producing plant-based
value-added compounds is to develop effective analytical techniques for the extraction
and compositional study of plant material. This is not an easy task considering the
recalcitrant nature of lignocellulosic biomass when the extraction or analysis of plant
components such as lignin is aimed. Lignin samples have highly complex and diverse
structures requiring the development of advanced analytical techniques for their
characterization and sequencing. In the case of small secondary metabolites, developing
effective extraction techniques is required, which is usually a multi-step, time-consuming
and complicated process. Even after a successful extraction, as secondary metabolites are
found in very low quantities in plants, it would be hard to obtain enough quantities for
drug discovery and development research, let alone the commercialization step, which
requires large-scale production of the secondary metabolite-based drugs.

This dissertation focused on addressing some of these challenges by developing
synthetic and analytical techniques with a focus on mass spectrometry-based analytical
methods to study different plant-based chemicals in order to pave the way for
valorization of plant material. Mass spectrometry is a robust and inherently sensitive
analytical technique and is widely used in pharmaceutical and chemical industries to
identify and elucidate the structure of small or large plant-based compounds.
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The second chapter of this dissertation focused on developing effective mass
spectrometric methods based on lithium cationization to analyze and sequence lignin
model oligomers. In order to do so, two lignin model oligomers with a mixture of β-βʹ
and β-O-4ʹ bonding motifs representing hardwood lignin were synthesized and subjected
to mass spectrometric analysis to obtain structural information and develop fragmentation
roles. As mentioned earlier, one of the biggest challenges in converting lignin and its
decomposition products into highly-valuable compounds is the characterization of lignin
decomposition end products. Currently, Nuclear magnetic resonance, particularly 2D
NMR experiments, are the most common approach in the literature for this purpose.
However, NMR techniques are time-consuming, and the data is usually complicated and
hard to interpret. Moreover, NMR is not a very effective tool for sequencing monomers
in a lignin sample.
On the other hand, mass spectrometry is an attractive technique for analyzing
lignin samples as it is a sensitive approach and provides a great deal of data in a very
short time. In addition, unlike the NMR techniques, only a very small amount of sample
is required for the analysis, and the sample is not required to be pure in many cases.
However, most mass spectrometry-based techniques currently use negative ion mode to
elucidate the structure of lignin-derived samples. Unfortunately, simple deprotonation
can lead to in-source fragmentation, reducing the molecular ion's signal and complicating
the mass spectrum.
Moreover, simple deprotonation only works for the analytes with acidic moieties.
This can be a serious issue because many lignin samples, particularly those produced as
waste from the paper and pulp industries, have highly-condensed structures with high
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amounts of carbon-carbon bonds. To address these issues, a mass spectrometric method
was developed in Chapter 2, which uses lithium cations for ionization to sequence
advanced lignin model oligomers having β-β' and β-O-4' bonding motifs.
The lignin model oligomers, which can be a representative of hardwood lignin,
were analyzed using two different mass spectrometers in positive ion and in their lithiated
form. A Q-Exactive high-resolution orbitrap mass spectrometer was used to obtain exact
mass information and sequence the lithiated model oligomers using HCD tandem mass
spectrometry, which was further used to propose sequence rules for any lignin model
trimer and tetramer with the same bonding motifs. The synthesized model oligomers
were also subjected to multi-stage CID tandem mass spectrometry (MSn) utilizing an
LTQ ion trap mass spectrometer operated in positive mode using lithium cationization.
The information obtained from LTQ CID analysis was used to investigate the origin of
each fragment ion produced upon tandem analysis and to further confirm proposed
fragmentation pathways. MSn experiments were also used to investigate possible lithium
cationization sites on the model oligomers. The findings supported the hypothesis that βO-4' bonds are likely preferred sites for lithium cationization in the studied model
oligomers.
One of the most important advantages of this study which uses lithium
cationization for the fragmentation of model compounds, compared to the previously
reported studies in the literature, is that in addition to cleavage of β-O-4' bonds, the
presented lithium cationization approach led to the cleavage of β-β' bonds on both model
oligomers. This bond type cleavage has not been reported before for the model oligomers
with similar structures. The fragmentation of β-β' bonds is highly desired in lignin
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oligomers as this type of bond cleavage can provide further sequencing information for
lignin structures with β-β' bonding motifs.
Based on the findings of this study, lithium cationization in positive ion mode
mass spectrometry proved to be a robust tool for characterization and sequencing of
advanced lignin oligomers with β-βʹ and β-O-4ʹ bonding motifs and can assist researchers
with the analysis and sequencing of unknown lignin-derived structures using (+) ESI
tandem mass spectrometry.
A further interesting study can be expanding the developed lithium cationization
methodology to analyze lignin model oligomers with other mixed bonding motifs. To do
so, it is of great importance to successfully synthesize lignin model compounds with
different bonding motifs. This is due to the fact that unfortunately, most of the lignin
model compounds are not commercially available and need to be synthesized in the
laboratory. The lack of commercially-available model compounds is one of the most
significant burdens in the further advancement of lignin research. Therefore, research
groups armed with synthesis skills have an advantage in lignin research which is a highly
multi-disciplinary research area.
In a project covered in the third chapter of this dissertation, the successful
synthesis of another lignin model compound, this time a model dimer, syringaresinol,
also known as S-β-βʹ-S, which consists of two S units attached together through a β-βʹ
bond helped me to unambiguously characterize this lignan in different whiskey samples
for the first time, using a UHPLC-MS method.
Bourbon whiskey production has a substantial economic impact on Kentucky
state as almost 95% of the bourbon consumed worldwide is produced in this state.
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Therefore, the composition study of this liquor can be of great importance for distilling
industries in order to be able to intentionally change or modify the composition and
quality of bourbon according to the customers’ desires. The observation of syringaresinol
in all the analyzed bourbon samples raised an important question. Does this dimer come
from the corn or other grain types used for the production of bourbon? As the presence of
syringaresinol has been reported in many grains such as corn, this could be a possibility
that needed to be considered. Or maybe the presence of this dimer is due to the reactions
that occur during the bourbon aging step in the barrel? A third possibility could be that
syringaresinol entered the bourbon from the oak barrel where the liquor is kept for a
certain time for maturation.
These questions about the origin of syringaresinol in bourbon were the motivation
behind the further study of this dimer in bourbon whiskey. In order to address these
questions, an experiment was designed and conducted to simulate the bourbon aging
process in oak barrels. In this experiment, oak sawdust was treated with a 50% ethanol
solution (as a model spirit) in the presence of catalytic amounts of a mineral acid and
moderate heat to decrease the time frame for the model aging experiment. In a separate
experiment, a commercial “white dog sample”, a spirit with no aging step in barrels, was
examined for the presence of syringaresinol. Interestingly, no syringaresinol was detected
in the white dog sample indicating syriningaresinol in the grains does not carry over to
the distillate. On the other hand, results from the analysis of the model aging experiment
using UHPLC-HRAM, tandem mass spectrometry, and a model compound demonstrated
the presence of syringaresinol in the model aging sample after one day of treatment,
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providing a further evidence to support the hypothesis that syringaresinol enters to the
liquor from the oak wood during the aging time in the barrel.
Another interesting finding of this study was the potential effect of charring the
interior part of the barrel, a common practice in bourbon production, on the quantities of
syringaresinol in bourbon, which is detailed in Chapter 3.
The characterization of syringaresinol in bourbon whiskey and the important role
oak wood plays in adding this lignan to the bourbon composition is potentially very
helpful in increasing our understanding of bourbon composition and where its
components come from. As each chemical compound in bourbon can potentially
contribute to the overall quality of the final product in the bourbon industry, this research
can be beneficial to distilling industries to produce higher-value products in a shorter
time, potentially saving money, energy, and resources for distilling industries.
The discovery of syringaresinol in bourbon and the contribution of oak wood
opens the door for more questions, such as the potential contribution of syringaresinol to
the sensory profile of bourbon, and the relationship between the aging time in the barrel
and syringaresinol content in aged whiskey. Such questions can be an interesting area of
further research on syringaresinol and its contribution to bourbon composition.
The successful development of a model aging experiment using an ethanol
solution (ethanosolv treatment) resulting in the extraction of syringaresinol from the oak
wood led to the third project of this dissertation as follows.
In Chapter 4 of this dissertation, a mild ethanosolv treatment of biomass inspired
by the bourbon aging process was developed to extract lignin-derived compounds from
lignocellulose. This study aimed to develop a mild, microscale, and environmentally
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friendly approach to allow a fast and convenient screening of biomass composition
without going through generally intensive, costly and tedious fractionation and analysis
techniques reported in the literature. The hypothesis was that the developed ethanosolv
technique, in combination with a proper GC method, can extract and identify low
molecular weight lignin-derived phenolics from lignocellulosic biomass, and the method
can serve as an approach to differentiate between different biomass samples. To do so,
switchgrass and oak wood, as an example of herbaceous biomass and hardwood,
respectively, were subjected to the developed ethanosolv treatment and the degeradation
products were analyzed by GC-MS.
The GC-MS analysis of the biomass degradation products showed a variety of
high-value phenolic compounds in both biomass samples after the treatment, with
switchgrass having ethyl cumarate as the most abundant phenolic compound and oak
wood having syringaldehyde as the most abundant phenolic compound. These results are
in line with the reported studies in the literature that herbaceous biomass is high in H
units while hardwood is rich in S units. The results obtained from the analysis of biomass
using the developed degradation method supported the hypothesis that the developed
mild ethanosolv method, in combination with a GC method introduced in this study can
give valuable information about the phenolic composition of a biomass sample and hence
can be used as a convenient method for a fast screening of different biomass samples.
This can be of great benefit when a fast and straightforward screening of different
biomass samples is desired in order to choose a proper biomass feedstock for plant-based
valorization applications. This research can be continued by expanding the introduced
method to treat other types of biomass samples, such as those belonging to softwood.
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The fifth chapter of this dissertation focused on another interesting plant-based
compound, lobinaline N-oxide, an alkaloid recently discovered in Lobelia cardinalis by
Naprogenix LLC, with a potent biological activity. Recently, there has been an increase
in the popularity of plant-based drugs as they are considered safe and more effective than
their synthetic counterparts. However, as mentioned earlier, a major setback in plantbased drug discovery and development is the very low quantities of secondary
metabolites in plants and their commonly complicated extraction techniques. This is also
the case for lobinaline N-oxide which has a concentration ten to one hundred times lower
than its free base counterpart, lobinaline. To address these issues, a semi-synthetic
method for producing large quantities of lobinaline N-oxide with a structure similar to the
isomer that exists in the plant was developed which uses lobinaline, the major alkaloid of
the lobelia cardinalis as the starting material. Ultra-high pressure liquid chromatography
coupled with high resolution accurate mass spectrometry (UHPLC-HRAM) was used to
analyze the synthesized compound and to confirm that its structure is similar to the
natural N-oxide extracted from the plant. This confirmation is of great importance, as
lobinaline, the starting material for the synthesis of N-oxide, has two nitrogen atoms in its
structure and addition of an oxygen atom can potentially occur in either nitrogen.
In addition to the successful semi-synthesis of lobinaline N-oxide with the same
structure as the naturally-occurring one, another semi-synthetic method was also
developed in which an oxygen atom is selectively added to the other nitrogen in the
lobinaline molecule. This new N-oxide, which is not a naturally-occurring compound,
was provided to Naprogenix for pharmacological testing. Interestingly, in vitro studies by
Naprogenix indicated that this new N-oxide in which the oxygen atom is located on the
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“pyridine ring” of lobinaline showed a significant inhibitory effect on human serotonin
transporter and hence has the potential as a lead compound in plant-based drug discovery.
Both semi-synthetic methods developed for producing lobinaline N-oxide
derivatives are very straightforward, environmentally friendly, and produce the target
compounds at high yields eliminating the need for further purification, a common
requirement in organic synthesis. The next step of this project is in vivo study and clinical
testing of the synthesized N-oxides as potential plant-derived drugs.
In summary, this dissertation focused on plant-based compounds, mainly
phenolics and alkaloids, and their analysis using mass spectrometry-based techniques to
facilitate ongoing efforts to produce value-added compounds from plants as a readily
available and cost-effective potential resource of different chemical compounds. Plants,
as green factories, have shown a great potential to be exploited for different applications
such as a renewable source of energy or a feedstock for producing highly valuable
products for the pharmaceutical and chemical industries. However, this long-term goal
will not be accomplished without a deep understanding of plant material and its chemical
structure. The research covered in this dissertation aimed to contribute to this effort by
utilizing synthetic and advanced mass spectrometric techniques to investigate plant-based
phenolics and alkaloids.
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APPENDICES

Appendix1: LTQ multiple-stage CID experiments on the GSSG tetramer analyzed as Li adduct :
a)MS2 on 817, b) MS3 on 621 (SSG trimer), c) MS4 on 425 (SS dimer), d) MS5 on 410

a)
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b)

191

c)

192

d)
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Appendix 2: EI-MS of silylated syringaldehyde standard, M•+ = 254 (a), and ethyl
ferulate standard, M•+ = 294 (b)
a)

b)

194

Appendix 3: EI-MS of silylated vanillin (1), M•+ = 224
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Appendix 4: EI-MS of silylated syringaldehyde (2), M•+ = 254
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Appendix 5: EI-MS of silylated ethyl vanilate (4), M•+ = 268
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Appendix 6: EI-MS of silylated p-coumaric acid (6), M•+= 308
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Appendix 7: EI-MS of silylated ethyl ferulate (7), M•+ = 294
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Appendix 8: EI-MS of silylated ferulic acid (8), M•+ = 338
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Appendix 9: RICs and mass spectra of lobinaline and mono N-oxide in the plantextracted lobinaline sample
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Appendix10: Peak areas and normalized area counts of LOB, mono- and bi-N-oxide over
time upon N-oxidation reaction of LOB with hydrogen peroxide and ammonium
bicarbonate
N-oxide
Synthesis
time(h)
0
2
4
6
8
24

peak
area
Lobinaline
(m/z 387)
4300820274
257823685
34117484
13364301
9428578
9886579

mono N-oxide
(m/z 403)
471675058
1439273610
1125474580
1127149043
1160280036
1076112141

[X/(Lob + mono N-oxide +bi-Noxide)]*100
bi-N-oxide
(m/z 419)
0
14407111
23843891
33735285
44194339
101646176
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X=Lobinaline
90.12
15.06
2.88
1.14
0.78
0.83

X= mono
N-oxide
9.88
84.09
95.10
95.99
95.58
90.61

X= bi-Noxide
0.00
0.84
2.01
2.87
3.64
8.56

Appendix11: Peak areas and normalized area counts of Lobinaline, mono- and bi-Noxide during the reduction of bi-N-oxide by phenyl boronic acid in dichloromethane and
at room temperature
RXN1
peak area
[X/(Lob + mono N-oxide +bi-N-oxide)]*100
Time (min) bi-N-oxide Mono N-oxide* Lob
X= bi-N-oxide X= mono N-oxide X=Lobinaline
m/z 419
m/z 403
m/z 387
5
9283819079 335019732
0
97
3
0
15
5516218868 315242901
0
95
5
0
30
4348529117 243626202
0
95
5
0
60
3462229448 255444925
0
93
7
0
90
4028841527 336940619
0
92
8
0
*Sum of two isomers
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Appendix12: Peak areas and normalized area counts of Lobinaline, mono- and bi-Noxide during the reduction of bi-N-oxide by phenyl boronic acid in THF, at 80 °C
RXN2
peak area
[X/(Lob + mono N-oxide +bi-N-oxide)]*100
Time (min) bi-N-oxide Mono N-oxide* Lob
X= bi-N-oxide X= mono N-oxide X=Lobinaline
m/z 419
m/z 403
m/z 387
5
2668849045 324307981
0
89
11
0
15
2350167125 1122697143
0
68
32
0
30
1977177512 2494935664
0
44
56
0
60
1443082580 4562673276
0
24
76
0
90
998367507 5825379946
0
15
85
0
*Sum of two isomers
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